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ABSTRACT
The w e ll-p r e se r v e d  carbonaceous c h e r ts  o f  th e  e a r ly  Archean 
(3 ,200  to  3,500 Ma) S w aziland  Supergroup o f  th e  Barberton Green­
s to n e  B e l t ,  South A fr ic a  c o n ta in  f o s s i l s  th a t  are  among th e  
E arth 's o ld e s t .  F o s s i l s  are  r a r e  in  th e  carbonaceous c h e r ts ,  
how ever. P etrograp h ic  and geo ch em ica l a n a ly s e s  o f  th e  carbona­
ceou s c h e r ts  y i e ld  in fo r m a tio n  u s e fu l t o  th e  stu d y  o f  e a r ly  l i f e  
and t o  th e  g e n e r a l q u e s t io n  o f  th e  n atu re  o f  s i l i c i f i c a t i o n  o f  
e a r ly  Archean ro ck s .
The f ila m e n to u s  m ic r o f o s s i l s  whose m orp h o log ies, a s  w e ll  as  
th e  te x tu r e  o f  t i e  encom passing la m in a t io n s , s u g g e s t  an a f f i n i t y  
t o  modern m ic r o b ia l m a t-d w e llin g  cy a n o b a cter ia  o r  b a c te r ia ,  are  
th e  m ost probab le b io lo g ic a l  s tr u c tu r e s  id e n t i f i e d  during  t h i s  
stu d y . S p heroid al and e l l i p s o i d a l  s t r u c tu r e s  o f  v a r io u s  ty p es  in  
c h e r ts  o f  th e  Hooggenoeg and Kromberg Form ations are  co n sid ered  
o n ly  p o s s ib le  m ic r o f o s s i l s  b eca u se  o f  t h e ir  s im p le  shape. T h ick -  
w a lle d  e l l i p s o i d s  a r e  in te r p r e te d  t o  b e a k in e te s ,  or  r e s t in g  
sp o res  o f  cy a n o b a cter ia . B ecause a k in e te s  are  p r e s e n t ly  found 
o n ly  in  th e  more advanced f a m i l ie s  o f  modern c y a n o b a c ter ia , t h e ir  
o ccu rren ce  su p p orts a s s e r t io n s  th a t  cy a n o b a cter ia  w ere w e l l -  
e s t a b l is h e d  by th e  e a r ly  Archean.
B la ck -a n d -w h ite  banded c h e r ts  a r e  th e  m ost p rom isin g  ta r g e t s  
i n  th e  search  fo r  Archean m ic r o f o s s i l s .  They are w e ll-p r e se r v e d ,  
e a r l y - s i l i c i f i e d  a ccu m u la tion s o f  f i n e  carbonaceous la m in a tio n s ,  
in te r p r e te d  a s  rem ains o f  m ic r o b ia l m ats, in terb ed d ed  w ith  la y e r s
x
o f  s im p le  o r  c o m p o s i te  carbonaceous  g r a in s .  M assive b la c k  c h e r t s  
c o n ta i n  a l a r g e  p r o p o r t io n  o f  l i t h i c  g r a in s  ’a s  w e l l  a s  c a rb o n a ­
ceous  d e t r i t u s ,  b u t  l a c k  m a t - l i k e  l a m in a t io n s .  Lam inated b la c k  
c h e r t s  a r e  a l s o  d e t r i t a l  a c c u m u la t ic n s  o f  b o th  l i t h i c  and 
ca rb o n aceo u s  m a t t e r ,  b u t  a r e  commonly f i n e r - g r a i n e d  and more 
com pacted  t h a n  m ass iv e  b la c k  c h e r t s  w i th  h ig h e r  TOC v a lu e s  th a n  
th e  o t h e r  c h e r t  ty p e s .
S h a l lo w -w a te r  p l a t f o r m  se d im e n ts  o f  t h e  Hooggenoeg, Kromberg 
and Mendon f o r m a t io n s  c o n ta i n  an abundance o f  m a t - l i k e  la m in a ­
t i o n s  and c o m p o s i te  g r a i n s .  U n its  dom ina ted  by v o l c a n i c l a s t i c  
s e d im e n ts  g e n e r a l l y  c o n ta in  a l a r g e  p r o p o r t io n  o f  carbonaceous  
d e t r i t u s .  D e ep e r-w a te r  s e d im e n ts  and b a s in  s ed im en ts  o f  th e  
u p p e r  Kromberg and Mendon fo rm a t io n s  a r e  dom inated  by w e l l -  
com pacted  ca rb o n aceo u s  d e t r i t u s  and la c k  d i r e c t  ev id en c e  o f  
m ic r o b ia l  a c t i v i t y .
The r e l a t i o n s h i p  betw een  g r a in  shape and TOC i n d i c a t e s  t h a t  
TOC i n  ca rb o n aceo u s  c h e r t s  i s  a f u n c t io n  b o th  o f  p r im a ry  carbon  
c o n te n t  and th e  amount o f  p r e - l i t h i f i c a t i o n  sed im en t  com pac tion . 
H/C r a t i o s  s u g g e s t  t h a t  c o n s id e r a b le  a l t e r a t i o n  o f  t h e  o rg a n ic  
m a t t e r  h a s  o c c u r re d .  The carbon  i s o to p e  v a lu e s  i n d i c a t e  t h a t  a l l  
o f  t h e  ca rb o n aceo u s  m a t t e r  may have had a b i o l o g i c a l  o r i g i n .
x i
INTRODUCTION
C arbonaceous c h e r ts  o f  th e  e a r ly  Archean Sw aziland  Super­
group in  th e  B arberton G reenstone B e lt ,  South A fr ic a , have 
y ie ld e d  m ic r o f o s s i l s  and s t r o m a to l i t e s  th a t  are among th e  o ld e s t  
on Earth (K noll and Barghoorn, 1977; Walsh and Lowe, 1985;
B y er ly , Lowe and W alsh, 1986). Only th e  Warrawoona group o f  th e  
P ilb a r a  b lo c k , W estern A u s tr a l ia ,  i s  known t o  co n ta in  f o s s i l s  
and s t r o m a t o l i t e s  o f  s im i la r  age (Awramik e t  a l ,  1983; Schopf and 
Packer, 1987; Lowe, 1980b; W alter e t  a l ,  1980). O lder s e d i ­
m entary seq u en ces, such a s  th e  3.7 t o  3.8 Ga Isu a  Supergroup o f  
w estern  G reenland, are  so  sh eared  and metamorphosed th a t  p r e se r ­
v a t io n  o f  m ic r o f o s s i l s  i s  u n lik e ly  (B ridgew ater e t  a l . ,  1981). In  
c o n tr a s t ,  th e  w idespread  la c k  o f  sh ea r in g  and low -grad e therm al 
metamorphism o f  th e  S w azilan d  Supergroup has favored  e x c e l le n t  
p r e se r v a t io n  o f  prim ary p h y s ic a l and b io lo g ic a l  s tr u c tu r e s  as  
sm a ll a s  1 m icron.
The p resen ce  o f  l i f e  on th e  e a r ly  Archean Earth has been  
d em on strated  w ith  in c r e a s in g ly  d iv e r s e  and c o m p e llin g  ev id e n c e .  
M ic r o f o s s i l s  and s t r o m a to l i t e s  have been documented from  
both  sou th ern  A fr ica n  and A u str a lia n  rock s (Barghoorn and Schopf, 
1966; P flu g g , 1966; Engel e t  a l . ,  1968; Nagy and Nagy, 1969; 
Muir and G rant, 1976; K noll and Barghoorn, 1977; Lowe, 1980; 
W alter e t  a l . ,  1980; Awramik e t  a l . ,  1983; Walsh and Lowe, 1985; 
B y er ly , Lowe and W alsh, 1986; Schopf and Packer, 1987). Recent 
d is c o v e r ie s  and d is c u s s io n s  have so r te d  o u t prob ab le  f o s s i l s  from  
p s e u d o f o s s i ls  (Schopf and W alter , 1983; Awramik, 1986; Buick,
1
1985; Awramik, 1986). The is s u e  o f  w hether l i f e  e x i s t e d  in  th e  
e a r ly  Archean has g iv e n  way t o  exam in ation s o f  th e  ty p es  o f  
organ ism s p r e se n t  and t h e ir  h a b ita t s .
F o s s i l s  a r e , how ever, v ery  r a r e  in  th e  c h e r ts .  Of th e  over  
400 sam p les exam ined d u rin g  th e  co u rse  o f  t h i s  s tu d y , o n ly  9 
c o n ta in ed  f o s s i l s  or  p o s s ib le  f o s s i l s .  F o rtu n a te ly  fo r  th e  stud y  
o f  e a r ly  l i f e ,  th e  carbonaceous c h e r ts  th a t  do n o t c o n ta in  m icro­
f o s s i l s  do, fo r  th e  m ost p a r t , have t e x tu r e s  th a t  p ro v id e  in f o r ­
m ation  a s  t o  th e  manner in  which th e  o rg a n ic  sed im en ts  were 
d e p o s ite d . From p etro g ra p h ic  in fo r m a tio n , supplem ented by 
g eo ch em ica l d a ta , i t  i s  p o s s ib le  t o  draw some c o n c lu s io n s  about 
th e  p r e v a le n c e  o f  b io lo g ic a l  a c t i v i t y  and th e  environm ents  
fa v o red  by th e  e a r ly  organ ism s by d eterm in in g  w hich  o f  th e  c h e r ts  
form ed la r g e ly  through b io lo g ic a l  a c t i v i t y  and w hich through  
d e p o s it io n  o f  o rg a n ic  d e t r i t u s .  W ith th e  e x c e p tio n  o f  minor 
m ention  in  m ic r o f o s s i l  r e p o r ts  (Schopf and Barghoorn, 1967; Muir 
and G rant, 1976; K noll and Barghoorn, 1977) and g en era l sed im en -  
t o lo g i c a l  s t u d ie s  (Lowe and Knauth, 1978; Lowe, 1980; L anier and 
Lowe, 1982), th e  carbonaceous c h e r ts  have n o t been p r e v io u s ly  
d e s c r ib e d .
Both sed im en tary  and v o lc a n ic  rock s in  th e  Sw aziland  Super­
group are  e x t e n s iv e ly  s i l i c i f i e d .  The mechanism fo r  th e  s i l i c i -  
f i c a t i o n  has been a s u b je c t  o f  g r e a t  i n t e r e s t  t o  in v e s t ig a to r s  
(De W it e t  a l . ,  1982; P a r i s  e t  a l . ,  1985 ; Lowe and B y e r ly ,  1986; 
Duchac and Hanor, 1987). The carbonaceous c h e r ts  can be used  to  
c o n s tr a in  m odels fo r  s i l i c i f i c a t i o n  in  th e  Sw aziland  ro ck s by th e  
n atu re  and t im in g  o f  t h e ir  1 i t h i f i c a t i o n .
T his d i s s e r t a t io n  p r e s e n ts  th e  r e s u l t s  o f  an in te g r a te d  
f i e l d ,  p e tr o g r a p h ic , p a le o n to lo g ic a l  and geoch em ica l study  o f  
carbonaceous c h e r ts  in  th e  upper p a r t  o f  th e  Onverwacht Group in  
th e  B arberton  G reenstone B e lt .  The stu d y  was made in  co n ju n ctio n  
w it h  o t h e r  o n -g o in g  s t u d i e s  by w o r k e r s  from  L.S.U. on th e  
g e o lo g y  o f  th e  B arberton  M ountain Land The new in te r p r e ta t io n s  
o f  s tr a t ig r a p h y  r e s u l t in g  from  th e s e  s tu d ie s  (Lowe and B y er ly , in  
r ev iew ) a r e  u sed  in  t h i s  d is s e r t a t io n .
General G eology
The B arberton  G reenstone B e lt  i s  lo c a te d  in  th e  e a s te r n  p a rt  
o f  th e  Kaapvaal C raton, South A fr ic a  (F ig . 1). The p redom inantly  
v o lc a n ic  su p r a c r u sta l sequence making up th e  b e l t ,  th e  Sw aziland  
Supergroup, i s  in t e n s e ly  deform ed and, i n  many a rea s  th e  supra­
c r u s ta l  rock s have undergone e x te n s iv e  e a r ly  m etasom atic  a l t e r a ­
t io n  and g r e e n s c h is t  f a c i e s  metamorphism. Near p lu to n s , more 
h ig h ly  metamorphosed f a c ie s  are  d eveloped  (V iljo e n  and V iljo e n ,  
1969a). The p r in c ip a l  la r g e - s c a le  s tr u c tu r e s  are  n o r th e a s t -  
tr e n d in g  f o ld s  w ith  a lm o st v e r t i c a l  a x es  (V iljo e n  and V iljo e n ,  
1 9 6 9 a ).
The S w azilan d  Supergroup in c lu d e s  th r e e  m ajor l i t h o -  
s t r a t ig r a p h ic  s u b d iv is io n s :  th e  Onverwacht, F ig  T ree, and M oodies 
Groups (F igu re 2 ). Z ircon  d a tin g  p la c e s  th e  age o f  th e  upper 
Onverwacht Group a t  ap p rox im ately  3.45 Ga (Compston e t  a l . , 1987; 
Kroner and T od t, 1988). Ages o f  th e  F ig  Tree and M oodies Groups 
a r e  p o o r ly  c o n s tr a in e d  b u t M oodies rocks l o c a l ly  in c lu d e  z ir c o n s  
a s  young a s  3 .1 5  Ga (B a rto n  e t  a l ,  1 9 8 3 ).
F ig u r e  1 . G e n e r a l iz e d  g e o l o g i c  map o f  th e  w e s te r n  h a l f  o f  th e  
B a r b e r to n  G r e e n s to n e  B e l t .  a ,b :  f o s s i l  l o c a l i t i e s  in  H ooggenoeg  
F o r m a tio n . A,B,C: f o s s i l  l o c a l i t e s  i n  K rom berg  F o r m a t io n .  
M odified  from Lowe and B yerly  ( in  r e v ie w ) .
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The Sw azilan d  Supergroup i s  made up o f  a low er predom inantly  
v o lc a n ic  seq u en ce , th e  Onverwacht Group, and an upper, m ain ly  
sed im en tary  seq u en ce , th e  P ig  Tree and M oodies Groups (F ig . 2). 
The Onverwacht Group i s  su b d iv id ed  in t o  th e  S a n d sp ru it, 
T h eesp ru it, Kom ati, Hooggenoeg, Kromberg and th e  new ly-nam ed  
Mendon Form ation (Lowe and B y er ly , in  r e v ie w ) . The T h eesp ru it  
and San dsp ru it F orm ations a r e  s t r u c t u r a l ly  se p a r a te  and more 
h ig h ly  metamorphosed than  th e  o th e r  fo rm a tio n s  and t h e ir  s t r a t i ­
g ra p h ic  r e la t io n s h ip  u n c le a r  (V iljo e n  and V iljo e n , 1969; De Wit 
e t  a l ,  1983). The Komati Form ation i s  made up o f  th ic k  seq u en ces  
o f  k o m a t i i t ic  la v a s . Sed im entary c h e r t s ,  common in  th e  o v e r ly in g  
fo rm a tio n s , a re  a b se n t. The b ase  o f  th e  o v e r ly in g  Hooggenoeg 
Form ation i s  th e  M iddle Marker (Hi in  F igu re  2 ), made up o f  
s i l i c i f i e d  v o l c a n i c la s t i c s  and c h e r t . The Hooggenoeg Form ation  
i s  a th ic k  seq u en ce o f  b a s a l t s  and k o m a t i it e s ,  f e l s i c  ign eou s  
rock s and in terb ed d ed  c h e r t  u n it s .  The Hooggenoeg Form ation as  
p r e se n t  in  th e  Onverwacht A n t ic l in e  i s  d iv id e d  by Lowe and B yerly  
( in  rev iew ) in t o  s i x  members: Hi: th e  M iddle Marker; H2: m a ssiv e  
and p illo w e d  t h o l e i t i c  b a s a l t  w ith  th in  c h e r t  u n it s  p r e se n t  
lo c a l ly ;  H3 and H4: u n it s  o f  b a s a l t i c  k o m a t iite  and b a s a lt  o v e r -  
la in  by t h in  u n i t s  o f  s i l i c i f i e d  v o lc a n i c la s t i c  sed im en t and 
ch e r t;  and H6: f e l s i c  v o lc a n ic  and v o lc a n i c la s t i c  r o c k s . The main  
capping c h e r ts  a r e  d e s ig n a te d  a s  H2c, H3c, H4c, and H5c, w ith  
in t e r f lo w  c h e r ts  in  H2 s im p ly  d e s ig n a te d  H2 c h e r ts .
The Kromberg Form ation on th e  e a s t  lim b  o f  th e  Onverwacht 
A n t ic l in e  (V iljo e n  and V iljo e n , 1969b) c o n s is t s  o f  ap p rox im ately
F i g u r e  2 . S t r a t i g r a p h y  o f  t h e  S w a z i la n d  S u p e r g r o u p . "F" 
i n d i c a t e s  s t r a t i g r a p h i c  p o s i t i o n  o f  f o s s i l i l i f e r o u s  c h e r t s  
d i s c u s s e d  i n  t h i s  p a p e r .  "S" i n d i c a t e s  p o s i t i o n s  o f  
s t r o m a t o l i t e s .  M od ified  from  Lowe and B yerly  ( in  r e v ie w ).
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100 m o f  m a ssiv e  k o m a t iite  o v e r la in  by a s u c c e s s io n  o f  b a s a l t s ,  
m a fic  l a p i l l i  t u f f  and in terb ed d ed  c h e r t  u n it s  (K ie l, K lc2,
K lc3). The upperm ost u n i t ,  K3c, i s  a m a ssiv e  and f la t - la m in a te d  
b la ck  c h e r t  u n it .  On th e  w e s t  lim b  o f  th e  Onverwacht A n t ic l in e  
th e  b a sa l Kromberg c o n s i s t s  o f  th r e e  in fo rm a l members. Kl i s  th e  
Bucks R idge Chert (H e in r ic h s , 1980), a 150-350 m eter th ic k  u n it  
o f  m a in ly  b la c k -a n d -w h ite  banded c h e r t . A b a sa l s i l i c i f i e d  e v a -  
p o r i t e  u n it  i s  p r e se n t  l o c a l l y  a t  th e  b ase  o f  th e  Bucks R idge 
C hert (W o rre ll, 1985). O verly in g  th e  Bucks R idge C hert i s  K2, a 
m a fic  l a p i l l i  t u f f  and l a p i l l i s t o n e  ran g in g  from 300-1000 km. i t  
i s  o v e r la in  by a sequence o f  b a s a lt s  500-600 km th ic k  and capped  
by a b la c k  and w h ite  banded c h e r t  u n it ,  K3c.
The Mendon Form ation i s  a newly-nam ed form ation  co n ta in in g  
k o m a t i i t ic  f lo w s  and in terb ed d ed  c h e r ts .  I t  i s  d e f in e d  t o  
in c lu d e  th e  k o m a t iite s  and c h e r ts  above K3c and below  non- 
s i l i c i f i e d  c l a s t i c  u n it s  o f  th e  F ig  Tree Group (Lowe and B y er ly , 
in  r e v ie w ) . The seq u en ce , n ever exposed  in  i t s  e n t ir e ly  becau se  
o f  im b r ic a te  f a u l t in g ,  c o n ta in s  s e v e r a l v o lc a n ic  c y c le s  capped by 
s i l i c i f i e d  v o l c a n i c l a s t i c  sed im en ts  a n d /or  b la ck  c h e r t  u n it s .
The c h e r ts  capping s u c c e s s iv e  c y c le s  a re  d e s ig n a te d , from  base  
upward, M lc, M2c, and M3c+.
The c h e r t  u n it s  o f  th e  Onverwacht have been c h a r a c te r iz e d  by 
Lowe ( in  rev iew ) a s  o f  tw o k in d s , dependent on th e  ty p e  o f  under­
ly in g  v o lc a n ic  f lo w . The c h e r ts  o v e r ly in g  k o m a tiite  la v a s  (H i, 
H3c, H4c, K2c, Mlc and l o c a l l y  K ie l and 2 , M3c) c o n ta in  abundant 
v o lc a n i c la s t i c  d e b r is .  They w ere d e p o s ite d  under sh a llo w -w a te r  
c o n d it io n s , a s  in d ic a te d  by abundant e v id e n c e  o f  cu rre n t a c t i v i t y
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and lo c a l  e v a p o r ite  p r e c ip it a t io n .  Chert u n it s  o v e r ly in g  
b a s a l t i c  f lo w s  (H2c, H2, and p a r ts  o f  H5c, K lc 2 , K lc3 , and K 3c). 
c o n ta in  l i t t l e  v o l c a n i c la s t i c  d e b r is .  The la c k  o f  cu rren t s t r u c ­
tu r e s  i n  th e s e  u n it s  su g g e s t  accu m u lation  under q u ie t  subaqueous 
c o n d it io n s .
In th e  sou th ern  p a r t  o f  th e  Mountain Land th e  F ig  Tree Group 
i s  made up o f  v o l c a n i c la s t i c  san d ston e and s h a le ,  in tru d ed  and 
o v e r la in  by d a c i t i c  v o lc a n ic  ro ck s , w hich a re  in  turn  o v e r la in  by  
th e  q u a r tzo se  sa n d sto n es  and con g lom erates o f  th e  M oodies Groups 
(V is se r , 1956; E r ik sso n , 1980; Lowe, e t  a l . ,  1985). Carbonaceous 
c h e r ts  a re  v i r t u a l ly  a b sen t in  th e  F ig  Tree and M oodies Group in  
th e  sou th ern  p a r t o f  th e  Mountain Land. In th e  north ern  M ountain  
Land, th e  F ig  Tree i s  made up la r g e ly  o f  d eep -w a ter  f a c ie s :  
s h a le ,  s i l s t o n e ,  and im m ature sa n d ston e  and m inor ch e r t u n it s  
(C on d ie  e t  a l . ,  1 9 7 0 ).
T h is stud y  i s  b ased  on carbonaceous c h e r ts  c o l le c t e d  from  
th e  Onverwacht Group in  th e  sou th ern  p a r t  o f  th e  Barberton  
G reenstone B e l t  (F ig . 1 ). Onverwacht sam ples w ere c o l le c t e d  
from  both  th e  w e s t  lim b  o f  th e  Onverwacht A n t ic l in e  and th e  e a s t  
lim b  a lo n g  th e  Komati R iver . F ig  Tree sam ples w ere a l s o  
c o l l e c t e d  from th e  n orth ern  p a r t  o f  th e  g reen sto n e  b e l t  in  th e  
U lu n d i S y n c l in e  (F ig . 1 ).
METHODS
P e tro g ra p h ic  D e sc r ip t io n
A pproxim ately  250 th in  s e c t io n s  were exam ined and d e scr ib ed  
d uring  t h i s  stu d y . A ll w ere scanned fo r  m ic r o f o s s i l s  a t  400x 
m a g n if ic a t io n . The ty p e s  o f  v a r io u s  carbonaceous m atter  and th e ir  
abundance in  each  th in  s e c t io n  w ere ta b u la te d  fo r  166 th in  s e c ­
t io n s .  The p erce n ta g e s  o f  carbonaceous and non-carbonaceous  
g r a in  ty p e s  w ere e s t im a te d  p e tr o g r a p h ic a lly  t o  th e  n e a r e s t  5% 
u s in g  th e  v i s u a l  e s t im a te  ch a rt o f  Terry and C h ilin g a r  (1955).
An e s t im a te  o f  pack ing was made based  on p ercen ta g e  o f  th in  
s e c t io n  area  occu p ied  by carbonaceous o r  l i t h i c  p a r t ic l e s  a s  
opposed t o  c h e r t  m a tr ix .
The r e s u l t s  w ere c a te g o r iz e d  by both  c h e r t  ty p e  and s t r a t i -  
g ra p h ic  p o s it io n  and em ployed in  a n a ly s is  o f  v a r ia t io n  by c h e r t  
ty p e . O v era ll p erce n ta g e s  o f  carbonaceous and ncn-carbonaceous  
p a r t ic l e  ty p es  fo r  in d iv id u a l c h e r t  u n it s  w ere o b ta in ed  by c a lc u ­
la t in g  th e  a v erage  co m p o s it io n s  o f  each  c h e r t  ty p e  w ith in  th e  
s t r a t ig r a p h ic  u n it  and th en  w eigh in g  th e  average co m p o sitio n s  
based  on r e l a t i v e  th ic k n e s s e s  o f  each c h e r t  ty p e  in  th e  in d iv i ­
dual u n i t .
For h y d r a u lic  b eh av ior  com p arison s, g r a in  s i z e  m easurem ents 
w ere made on s i x  sam p les w hose d eg ree  o f  p r e se r v a tio n  a llo w e d  
d is c r im in a t io n  o f  p a r t i c l e s .  F i f t y  g r a in s  o f  each  r e le v a n t  ty p e  
w ere m easured in  each  sam ple.
T w enty-seven  o f  th e  f i f t y  sam ples a n a lyzed  fo r  TOC and 
s ix t e e n  o f  th e  e ig h te e n  sam ples an a lyzed  by X -ray f lu o r e sc e n c e
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w ere exam ined p e tr o g r a p h ic a l ly  t o  d eterm ine a sp e c t  r a t io s  o f  th e  
carbonaceous g r a in s . The a s p e c t  r a t io ,  a m easure o f  g r a in  f l a t ­
n e s s ,  i s  d e f in e d  a s  th e  r a t io  a /b ,  w here a i s  th e  lo n g e s t  dim en­
s io n  and b i s  th e  d im en sion  normal t o  i t  in  th e  p la n e  o f  th e  th in  
s e c t i o n .
Chem ical A n alyses  
E igh teen  carbonaceous c h e r t  sam ples were an a lyzed  a t  th e  
U n iv e r s ity  o f  Cape Town by X -ray f lu o r e s c e n c e , fo r  major and minor 
e le m e n ts  and by gas chrom atography fo r  C, H, and N. F i f t y  sam ples  
w ere a n a ly zed  fo r  TOC ( t o t a l  o rg a n ic  carbon) and 5 -^C by Dr.
J . M. Hayes o f  Ind iana U n iv e r is i ty .
P o r t io n s  o f  sam p les t o  be an a lyzed  fo r  w hole rock  ch em istry  
w ere ch ip p ed  o f f  by hammer o r  by carbon s t e e l  h y d r a u lic  s p l i t t e r ,  
th en  reduced  to  pea s i z e  by a S tu rv eta n t carbon s t e e l  jaw crusher. 
S p l i t s  fo r  X -ray f lu o r e s c e n c e  w ere powdered in  a carbon s t e e l  
v e s s e l  o f  a s w in g m ill  g r in d e r . S p l i t s  fo r  CHN a n a ly s is  were  
pow dered in  a s t a i n l e s s  s t e e l  v e s s e l .  Powders w ere an alyzed  by 
X -ray f lu o r e s c e n c e  a t  th e  U n iv e r s ity  o f  Cape Town u s in g  th e  
m ethods d e sc r ib e d  by W i l l i s  e t  a l .  (1971, 1972). The s p l i t s  fo r  
CHN a n a ly s is  w ere fu r th e r  su b d iv id ed . One s p l i t  was d r ied  i n  an  
oven a t  110° C, th e  o th e r  ashed a t  450°C t o  remove o r g a n ic  c a r ­
bon. A C arlo  Erba E lem en ta l A nalyzer was used  t o  o b ta in  a n a ly se s  
o f  10 mg p o r t io n s  o f  each  s p l i t .  The d if f e r e n c e s  in  carbon  
v a lu e s  f o r  th e  110° C and th e  450° C v a lu e s  w ere tak en  a s  TOC 
v a lu e s ,  a cco rd in g  t o  p roced u res d evelop ed  a t  th e  U n iv e r s ity  o f  
Cape Town.
For th e  S^C and TOC a n a ly se s  provided  by J . M. Hayes o f  
Indiana U n iv e r s ity ,  sam ples w ere prepared a t  L ou isian a  S ta te  
U n iv e r s ity  by f la k in g  c h ip s  from unsawed sam p les, e tc h in g  th e  
f la k e s  in  h y d r o f lu o r ic  a c id , and powdering th e  f la k e s  in  a c e r a ­
m ic bowl and puck. For b la ck  and w h ite  banded c h e r ts  o n ly  th e  
b la ck  bands w ere in c lu d ed . P re lim in a r y  a n a ly se s  in d ic a te d  t h a t  th e  
w h ite  bands w ere v i r t u a l ly  a l l  S i0 2 . Sam ples w ere an a lyzed  
accord in g  t o  th e  p rocedure d e sc r ib e d  in  Wedeking e t  a l .  (1983).
S t a t i s t i c a l  A n alyses  
A n a ly s is  o f  v a r ia n c e  was perform ed t o  d eterm in e w hether  
banded, m a ss iv e , and lam in a ted  c h e r ts  a r e  c h e m ic a lly  d is t in g u is h ­
a b le . Pearson m a tr ix  c o r r e la t io n  was used t o  t e s t  fo r  r e la t io n s  
betw een  any o f  th e  e lem en ts  o r  b etw een  any e lem en ts  and p ercen­
ta g e  o f  p a r t i c l e  ty p e s . R eg ress io n  a n a ly s is  was em ployed to  
d e s c r ib e  c o r r e la t io n s  betw een  e lem en ts  and betw een  e lem en ts  and 
a s p e c t  r a t io s .  C hi-square a n a ly s is  o f  2 x 2 co n tin g en cy  t a b le s  
t o  t e s t  th e  s ig n i f ic a n c e  o f  apparent a s s o c ia t io n s  betw een  
p a r t i c l e  ty p e s . A c o n fid e n c e  l e v e l  o f  95% was s e t  fo r  s t a t i s t i c a l  
s ig n i f i c a n c e .
MICROFOSSILS, POSSIBLE MICROFOSSILS, AND STROMATOLITES
Previous Work 
Microfossils in the Swaziland Supergroup
S in ce  th e  m id -1960 's  th e r e  have been  numerous r e p o r ts  o f  
m ic r o sc o p ic  f o s s i l s  and f o s s i l - l i k e  s tr u c tu r e s  in  ro ck s o f  th e  
S w azilan d  Supergroup. P flu g  (1966) rep o rted  a la r g e  v a r ie t y  o f  
sp h e r o id a l and f ila m e n to u s  s tr u c tu r e s .  Barghoorn and Schopf
(1967) d e sc r ib e d  rod -shap ed  b a c t e r ia - l ik e  s tr u c tu r e s  d e te c te d  by 
tr a n s m is s io n  e le c t r o n  m icroscopy . Schopf and Barghoorn (1967), 
and Nagy and Nagy (1969) rep o rted  sp h e r o id a l carbonaceous s t r u c ­
tu r e s .  " A lg a -lik e"  f i la m e n ts  w ere rep o r te d  by Ehgel e t  a l .
(1968), Brooks e t  a l ,  1973; and Muir and Grant (1976). However, 
many o f  th e  e a r ly -r e p o r te d  m ic r o str u c tu r e s  have been r e -e v a lu a te d  
and judged t o  be a t  b e s t  p o s s ib le  f o s s i l s .  The f ila m e n to u s  
s tr u c tu r e s  a r e  l in e a r  a ccu m u la tio n s o f  o rg a n ic  m atter  (Cloud and 
M orrison, 1979; Schopf and W alter , 1983), some o f  them apparent 
even  from photographs a s  s t y l o l i t e s ,  p la n a r  c o n c e n tr a t io n s  o f  
m in e r a ls  and o r g a n ic  m a tter  a lo n g  s i t e s  o f  p r e ssu r e  s o lu t io n .
The b a c t e r i a - l ik e  rods d e te c te d  b y  TEM w ere r e - in te r p r e te d  a s  an 
a r t i f a c t s  o r  con tam in an ts in trod u ced  during sam ple p rep a ra tio n  
(Schopf, 1975). The numerous sp h e ro id s  are  more d i f f i c u l t  t o  
judge b eca u se  o f  t h e ir  w id e  s i z e  ran ge, s im p le  shape, and 
p o s s i b i l i t y  o f  hav in g  form ed a b io lo g ic a l ly  (Folsom e e t  a l . , 1975; 
F ox e t  a l . ,  1 9 8 3 ) .
D e sp ite  th e  problem s w ith  e a r ly -r e p o r te d  f o s s i l s ,  many o f  
th e  more r e c e n t ly  d e sc r ib e d  s tr u c tu r e s  have w ith sto o d  c a r e fu l  
s c r u t in y . S p h ero id a l f o s s i l s  d e sc r ib e d  by Muir and Grant (1976)
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and th o se  d e sc r ib e d  by K noll and Barghoorn (1977) dem onstrate a 
narrow s i z e  range and s m a lle r  s i z e  t y p ic a l  o f  modem u n ic e l lu la r  
cy a n o b a c ter ia  and are  c o n s id ered  by some w orkers t o  b e probab le  
f o s s i l s  (Schopf and W alter , 1983). The f ila m e n to u s  s tr u c tu r e s  
d e s c r ib e d  by W alsh and Lowe (1985) and d is c u s s e d  in  mare d e t a i l  
b elow  a re  d em on strab ly  c y l in d r ic a l  o r  th r e a d lik e  s tr u c tu r e s  whose 
m orp h o log ies resem b le  modern f ila m e n to u s  b a c te r ia  and 
cy a n o b a c te r ia  and are  co n s id e r e d  tr u e  m ic r o f o s s i l s  (Awaramik, 
1 9 8 6 ).
Microfossils in other Early Archean localities
S p h ero id a l carbonaceous s tr u c tu r e s  (Nagy e t  a l . , 1975) and 
" y e a s t - l ik e  m ic r o f o s s i l s "  (P flu g , 1978) have been rep orted  from  
th e  3 ,800  M a-yr-o ld  I su a  S u p ra cru sta l B e lt  o f  so u th w est Green­
lan d . However, th e  h ig h  d eg ree  o f  sh ea r in g  and metamorphism in  
th e  ro ck s  makes th e  p r e s e r v a t io n  o f  m ic r o f o s s i l s  u n l ik e ly ,  and 
th e  th e  y e a s t - l i k e  s t r u c tu r e s  have s in c e  been r e - in te r p r e te d  as  
f l u i d  in c lu s io n s  (B rid gew ater  e t  a l ,  1981).
A long w ith  th e  S w azilan d  r o c k s , th e  3 ,500 -M a-yr-o ld  rock s o f  
th e  Warrawoona Group o f  w estern  A u s tr a lia  have been a p rom isin g  
lo c a t io n  fo r  th e  E a r th s  o ld e s t  f o s s i l s  b ecau se o f  th e  low  d egree  
o f  metamorphism and la c k  o f  p e n e tr a t iv e  d eform ation  Dunlop e t  
a l .  (1988) and Awramik e t  a l .  (1983) d e sc r ib e d  sp h e r o id a l 
s t r u c tu r e s  o f  u n c e r ta in  b io g e n ic i t y .  F ilam en tou s s tr u c tu r e s ,  
in c lu d in g  some show ing c e l lu la r  p r e se r v a t io n  have been rep o rted  
by Awramik e t  a l .  (198 3) and Schopf and Packer (1987). C o lo n ies  
o f  s h e a th -e n c lo s e d  sp h e r o id a l c e l l s  w ere d isc o v e r e d  by Schopf and
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Packer (1987) in  Warrawocna carbonaceous c h e r ts .
Stromatolites in early Archean rocks
S tr o m a to lit e s  are  organ osed im en tary  s t r u c tu r e s  produced by 
some co m b in a tio n  o f  sed im en t tra p p in g , b in d in g , and p r e c ip it a t io n  
as a r e s u t l  o f  th e  grow th and m e ta b o lic  a c t i v i t y  o f  m icro ­
o rg a n ism s, p r in c ip a l ly  cy a n o b a cter ia  (W alter, 1977). They may 
be la m in a te d  o r  u n lam in ated , and occu r in  a v a r ie t y  o f  sh ap es, 
in c lu d in g  s t r a t i f o r m , domal and c o n ic a l .  S tr o m a to lite s  have been  
rep o rted  from  th e  S w azilan d  rock s by De W it e t  a l .  (1982), b u t  
th e s e  s t r u c tu r e s  proved t o  be carbonated  la y e red  and cross-b ed d ed  
m a fic  l a p i l l i  t u f f  (Ransom, 1987). B yerly  e t  a l .  (1986) rep o rted  
s t r o m a t o l i t e s  from  s e v e r a l  l o c a l i t i e s  in  th e  F ig  Tree Group 
( l o c a l i t i e s  now co n s id e r e d  by th e  same au th o rs  t o  be in  th e  
Mendon F orm ation). No m ic r o f o s s i l s  have been found in  th e  
s t r o m a t o l i t e s .
S tr o m a to lit e s  have a l s o  been rep o rted  from th e  Warrawoona 
Group. C o n ica l s t r o m a t o l i t e s  s im i la r  t o  th e  modern Conophyton 
w ere rep o r te d  by Lowe (1980b) in  a s i l i c i f i e d  c a r b o n a te -e v a p o r ite  
sequence. W alter e t  a l .  (1980) rep o rted  domal s t r u c tu r e s  in  a 
s im i la r  s e t t i n g .
M ic r o f o s s i l s  have n o t been lo c a te d  in  e i t h e r  th e  Sw aziland  
o r  Warrawocna s t r o m a t o l i t e s ,  le a v in g  open th e  p o s s i b i l i t y  th a t  
th e  s t r u c tu r e s  a r e  th e  p rod u cts o f  doming o f  sed im en ts  by  
e v a p o r ite  m in era l grow th  o r  p r e c ip i t a t io n  a s s o c ia t e d  w ith  
g e y s e r i t e s  (Awramik, 1986).
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Modern Analogs of Early Archean Fossils
The modern an a lo g s m ost commonly c i t e d  fo r  e a r ly  Archean 
f o s s i l s  a r e  c y a n o b a c ter ia  and f ila m e n to u s  b a c te r ia  (F ig . 3).
Both are prokaryptic, lacking a membrane-bound nucleus.
C yanob acteria  a r e  p h o to sy n th e t ic  and oxygen-producing. The tw o  
b a s ic  m orp h o log ies o f  cy a n o b a c ter ia  are 1) u n ic e l lu la r  o r  
c o lo n ia l  form s o f  c o c c o id  o r  e l l i p s o i d s  and 2) f ila m e n to u s  form s 
(F igure 3a , b) commonly e n c lo se d  by a tu b u la r  m ucilagenous sh eath  
(S ch op f,1 9 8 7 ). M o tile  cy a n o b a c ter ia  are  th e  c o n s tr u c t in g  
organ ism s in  m ost s t r o m a t o l i t e s  (Monty, 1967; G olub ic, 1976;
W alter , 1976), a lth ou gh  m ats c o n str u c te d  e x c lu s iv e ly  by f ila m e n ­
to u s  b a c te r ia  have been rep o rted  near hot sp r in g s  (Doemel and 
Brock, 1974). B a c te r ia  e x h ib i t  a v a r ie ty  o f  m eta b o lism s, both  
p h o to tr o p h ic  and ch em otrop ic  (Tappan, 1980). P h oto trop h ic  
b a c t e r ia ,  u n lik e  c y a n o b a c ter ia , do n o t produce oxygen a s  a by­
p rod u ct. A m o t i le  f ila m e n to u s  chem otrophic b a c te r ia  v ery  s im i la r  
in  m orphology t o  f ila m e n to u s  c y a n o b a c ter ia , B egg ia toa  (F igure 3 
c ,  d ) , o x id iz e s  hydrogen s u l f id e  t o  f r e e  s u lf u r ,  w hich  i s  
commonly d e p o s ite d  w ith in  th e  c e l l  w a l ls  (S tro h l and L arkin ,
1 9 7 8 ).
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F igure 3. Modern a n a lo g s  fo r  Archean m ic r o f o s s i l s ,  a. F ilam en­
to u s  cy a n o b a c ter ia  ( O s c i l la to r ia )  from s u lfu r  s p r in g s , Alum Rock 
S ta te  Park, C a lifo r n ia . S c a le  bar e q u a ls  40 m icrom eters, b. 
F ilam entous cy a n o b a cter ia  (N ostoc) from s u lfu r  s p r in g s , Alum Rock 
S ta te  Park, C a lifo r n ia . S c a le  bar e q u a ls  20 m icrons c .  Large 
f ila m e n to u s  cy a n o b a cter ia  ( O s c i l la to r ia )  on r ig h t  and f ila m e n to u s  
s u lfu r  b a c te r ia  (B egg ia toa) on l e f t  from P a lo  A lto  Baylands S a lt  
Marsh, C a lifo r n ia . S c a le  bar e q u a ls  20 m icrom eters, d. F ilam en­
to u s  s u lfu r  b a c te r ia  (B egg ia toa ) from P alo  A lto  Baylands S a lt  
Marsh, C a lifo r n ia . S c a le  bar e q u a ls  20 m icrons.
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Taxonomy of Archean Microfossils
The d i f f i c u l t i e s  i n  a s s e s s in g  th e  a f f i n i t y  o f  morpho­
l o g i c a l l y  s im p le  s t r u c tu r e s  a s  found in  Archean rock s have been  
d is c u s s e d  by many w orkers (G olubic and Barghoorn, 1977; D iver and 
P ea t, 1979; H orodyski and D onaldson, 1983) For t h i s  rea so n , 
d e s c r ip t iv e  ra th e r  th a n  taxon om ic names have been a ss ig n e d  t o  th e  
f o s s i l s  id e n t i f i e d  in  t h i s  stu d y . Some o f  th e  s tr u c tu r e s  
d e sc r ib e d  h ere a re  p r o b le m a tic a l and m ust be co n sid ered  a t  b e s t  
p o s s ib le  f o s s i l s  o r  d u b io f o s s i l s .  These s tr u c tu r e s  are c a r e f u l ly  
docum ented, how ever, t o  a llo w  com parisons w ith  s im i la r  s tr u c tu r e s  
r ep o rted  from o th e r  ro ck s  so  t h a t  t h e ir  o r ig in  m ight someday be  
u nderstood . The c a ta lo g  o f  m ic r o f o s s i l s  a t  th e  end o f  t h i s  chap­
t e r  sum m arizes th e  d e s c r ip t io n  o f  th e  f o s s i l s  id e n t i f i e d  during  
t h i s  s tu d y .
F o s s i l  and S tr o m a to lite  L o c a l i t i e s  
Hooggenoeg Form ation l o c a l i t i e s
The Hooggenoeg Form ation i s  made up o f  k o m a t i i t ic  and 
b a s a l t i c  v o lc a n ic  ro ck s  in terb ed d ed  w ith  th in  sed im en tary  ch er t  
u n it s  (F ig . 2 ). The f o s s i l - b e a r in g  u n it ,  H5c, i s  th e  uppermost 
o f  th e  c h e r t  u n it s  and i s  a t  th e  t r a n s i t io n  t o  th e  f  e l  s i c  
v o lc a n ic  u n it  a t  th e  to p  o f  th e  form ation  (F ig . 2 ). The 
f o s s i l s  a re  p r e se n t  in  a 4m -th ick  s e c t io n  a t  lo c a t io n  b (F ig.
1) w here th e  c h e r t  u n i t  o v e r l ie s  a s i l i c i f i e d  b a s a lt  f lo w  and i s  
cov ered  by a t h ic k  seq u en ce o f  f e l s i c  t u f f s  and con g lom erates.
I t  i s  composed m ain ly  o f  s i l i c i f i e d  v o lc a n i c la s t i c  san d ston e and 
carbonaceous c h e r t  a t  th e  b ase  and s i l i c i f i e d  f l a t -  and c r o s s ­
lam in ated  v o lc a n ic  ash  a t  th e  to p  (F ig . 4). The f o s s i l s  are  
p r e se n t  in  a u n it ,  a p p rox im ately  60 c e n t im e te r s  t h ic k ,  o f  b la c k -  
a n d -w h ite  banded c h e r t .
S tr o m a to lite s  are  p r e se n t  in  th e  same u n i t ,  H5c, a t  lo c a t io n  
a (F ig . 1). The s t r o m a t o l i t e s  and a s s o c ia te d  b la ck -a n d -w h ite  
banded c h e r t  o v e r l i e  a c h e r t  c l a s t  con g lom erate .
Kromberg Formation localities
A ll  o f  th e  f o s s i l s  d e sc r ib e d  from  th e  Kromberg Form ation are  
from  th e  low erm ost Kromberg (Kl, F ig . 2). On th e  w est  lim b  o f  
th e  Onverwacht A n t ic l in e ,  th e  b a sa l Kromberg i s  made up o f  a 
th ic k  sequence o f  b la c k -a n d -w h ite  banded c h e r t s ,  known a s  th e  
Bucks R idge C hert. L o c a lly  p r e se n t  a t  th e  b a se  o f  th e  Bucks R idge  
C hert i s  an e v a p o r ite  u n it  5 -40  m th ic k . The e v a p o r ite s ,  now 
s i l i c i f i e d  b u t th ou gh t t o  be o r ig in a l ly  gypsum (W o rre ll, 1985),
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F ig u re  4. Measured s t r a t ig r a p h ic  s e c t io n  o f  c h e r t  H5c a t  lo c a t io n  
b o f  F igu re  1 .
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formed in  sh a llo w -w a te r  ponds in  fa u lt-b o u n d ed  b a s in s  dom inated  
by su b a e r ia l a l l u v i a l  se d im e n ta tio n  (W o rre ll, 1985). The o v e r -  
ly in g  b la c k -a n d -w h ite  banded c h e r ts  show ev id e n c e  o f  lo w - le v e l  
wave a c t i v i t y  and are  in te r p r e te d  a s  sh a llo w -w a te r  accu m u la tion s  
o f  o r g a n ic  m a tter  (Lowe and Knauth, 1977; Lowe, in  r e v ie w ).
On th e  e a s t  lim b  o f  th e  Onverwacht A n t ic l in e  th e  e q u iv a le n t
s e c t io n  a t  th e  b a se  o f  th e  Kromberg Form ation i s  made up o f  th r e e  
c h e r t  u n it s  in terb ed d ed  w ith  b a s a lt  f lo w s  (F ig . 5 ). From base  
t o  to p , th e s e  c h e r ts  a re  term ed K ie l ,  K lc2 , and Klc3 (Lowe and 
B y er ly , i n  p r e s s ) .  The a p p rox im ately  11 m eter  th ic k  s e c t io n  o f  
K ie l exposed  a lo n g  th e  Komati R iver i s  made up p r im a r ily  o f  
b la c k -a n d -w h ite  banded c h e r t  w ith  m inor c a r b o n a te -r ic h  bands th a t  
are more abundant near th e  top  o f  th e  s e c t io n .  Klc2 i s  an  
ap p rox im ately  26 m eter th ic k  u n it  made up m ain ly  o f  b la ck -a n d -  
w h ite  banded c h e r t  in te r la y e r e d  w ith  f l a t -  and c r o ss - la m in a te d  
ca rb on ate , and la y e r s  o f  s i l i c i f i e d  v o lc a n ic  ash  co n ta in in g  
g h o s ts  o f  l e n t i c u la r  gypsum (Lowe and Knauth, 1977). The probable  
environm ent o f  d e p o s it io n  i s  a sh a llo w  b a s in  w ith  o c c a s io n a l ly  
exposed  c r o s s - s t r a t i f i e d  carb on ate  sand b o d ie s  surrounded by 
r e l a t i v e l y  q u ie t  p o o ls  (Lowe and Knauth, 1977).
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F ig u re  5. S tr a t ig r a p h ic  s e c t io n  o f  f o s s i l - b e a r i n g  u n it s  a t  t h e  
b a s e  o f  Kromberg F o r m a tio n . A, B and C r e f e r  t o  l o c a t i o n s  
d e s ig n a te d  on map in  F ig u re  1 .
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Fossiliferous Samples
Hooggenoeg samples
Two f o s s i l - b e a r i n g  sam ples from th e  Hooggenoeg Form ation are  
from  th e  b la c k -a n d -w h ite  banded c h e r t  a t  th e  b a se  o f  th e  s e c t io n  
a t  lo c a t io n  b (F ig . 4 ). A lthough sep a ra ted  by l e s s  than  10 
c e n t im e te r s  v e r t i c a l l y ,  th e  sam ples have v ery  d i f f e r e n t  t e x tu r e s ,  
a s  w e l l  a s  d i f f e r e n t  ty p e s  o f  m ic r o s tr u c tu r e s . The low erm ost  
sam ple i s  made up o f  la y e r s  o f  v ery  f in e -g r a in e d  carbonaceous  
m a tte r , w hich  in  some la y e r s  has a sheared  appearance (F ig .
6a). F ine eu h ed ra l to u rm a lin e  i s  p r e se n t  i n  some la y e r s .  The 
f in e  s i z e  o f  th e  carbonaceous m a tter  in d ic a t e s  th a t  i t  was 
d e p o s ite d  i n  q u ie t  w ater  and th e  aut h i g e n ic  to u rm a lin e  su g g e s ts  
h y p e r sa lin e  c o n d it io n s  o r  p o s t -d e p o s it io n a l  hydrotherm al f lu s h in g  
(S lack  e t  a l ,  1984). P re se n t throughout th e  carbonaceous la y e r s  
a re  p o o r ly -p r e se r v e d  e l l i p s o i d s  and sp in d le -sh a p ed  s tr u c tu r e s  
(F ig s . 9 e , lO f) t h a t  may be d is t o r t e d  and sm a lle r  v e r s io n s  o f  
s tr u c tu r e s  p r e s e n t  in  K l.
The sam ple c o n ta in in g  f ila m e n to u s  f o s s i l s  i s  made up m ain ly  
o f  f in e  carbonaceous la m in a tio n s  in te r la y e r e d  w ith  t h in  accum ula­
t io n s  o f  s im p le  carbonaceous g r a in s  (F ig . 6b). P y r ite  g r a in s  5 -  
25 m icrons in  s i z e  are  s c a t t e r e d  throughout th e  t h in  s e c t io n .  The 
packages o f  f i n e  o r g a n ic  la m in a tio n s  resem b le  modern m icr o b ia l 
mat a ccu m u la tio n s  (Monty, 1967). S o lid  th r e a d lik e  f i la m e n ts  
a re  p r e se n t  in  b oth  th e  f in e  la m in a tio n s  and th e  d e t r i t a l  la y e r s ,  
m ain ly  i n  c l u s t e r s  (F ig . 8 c ) .
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F ig u re  6. Photom icrographs o f  f o s s i l i f e r o u s  th in  s e c t io n s ,  a: 
L ayers o f  d i f f u s e ,  f i n e  carbonaceous m a tter  in  sam ple from  H5c, 
lo c a t io n  b (MW48-5). N ote sh eared  appearance near to p . b: F ine  
carbonaceous lam inae and d e t r i t a l  carbonaceous la y e r s  in  sam ple  
from  H5c, lo c a t io n  b (MW48-12). Arrow in d ic a t e s  la y e r s  co n ta in in g  
f o s s i l s ,  c: D e t r i t a l  carbonaceous la y e r s  and s i l i c a  p r e c ip ita t e  
in  sam ples from H5c, lo c a t io n  a (MW61-4a). C ir c le  in d ic a te s  
lo c a t io n  o f  f o s s i l ,  d: Sample from K l, lo c a t io n  A (KEV-N-7A),
show ing packages o f  la y e r s  o f  d e r i t a l  m a te r ia l ,  f i n e l y  d isp e r se d  
carbonaceous m a tter , and s i l i c a  p r e c ip it a t e ,  "sp" marks la y e r  
c o n ta in in g  sp in d le -sh a p e d  f o s s i l s .  The o th e r  f o s s i l s  are  p r e se n t  
m ain ly  in  th e  upperm ost d e t r i t a l  la y e r , "d." e : D isru p ted  la y er  
o f  sam ple from K ie l ,  lo c a t io n  C (MW50-2a). Arrow in d ic a te s  
lo c a t io n  o f  sp h e r o id a l f o s s i l s ,  f :  Layer o f  f i n e  carbonaceous  
lam inae in  sam ple from K lc2 , lo c a t io n  C (MW45-7). S c a le  bar 
shown in  f  r e p r e se n ts  500 m icrons fo r  a , b, c ,  d, and f ,  300 
m icrons f o r  e .
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F igu re  7. Photom icrographs o f  f ila m e n to u s  m ic r o f o s s i l s ,  a: 
S o lid  th r e a d lik e  f o s s i l ,  sam ple K lc2 , lo c a t io n  C (MW45-7). b: 
S o lid  th r e a d lik e  f o s s i l  (photom osaic) show ing b ran ch in g , same 
sam ple, c: H ollow  tu b u la r  f i la m e n t ,  same sam ple, d: H ollow  
f i la m e n t  w ith  tr ic h o m e s ex ten d in g  from  f la r in g  end, sam ple K l, 
lo c a t io n  A (KEV-N-7A). e : in t e r p r e t iv e  sk e tch  o f  d. S c a le  bar 
shown in  d eq u a ls  5 m icrons fo r  a , 12 m icrons fo r  b -e .
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F igu re  8. Photom icrographs o f  c lu s t e r s  o f  f ila m e n to u s  f o s s i l s ,  
a: H ollow  and th r e a d lik e  f i la m e n ts  ex ten d in g  betw een  la y e r s ,  
sam ple  K lc2 , lo c a t io n  C (MW45-7). b: H ollow  and th r e a d lik e  
f i la m e n ts  ex ten d in g  from carbonaceous g r a in , same sam ple. c: 
T h rea d lik e  f i la m e n ts  ex ten d in g  from g r a in , sam ple H5c, lo c a t io n  b 
(MW48-12). S c a le  bar shown in  B r e p r e se n ts  100 m icrons fo r  a ,  5 0 
m icrons fo r  b and c .
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F igu re  9. Photom icrographs o f  sp h e ro id a l m ic r o f o s s i l s ,  a: 
G ra n u la r -w a lled  sp h ero id  p a ir  from sam ple a t  K l, lo c a t io n  A (KEV- 
N-7A). b: G ra n u la r -w a lled  e l l i p s o i d ,  Sample K l, lo c a t io n  A. 
c: Layer o f  th in -w a l le d  sp h e r o id s , sam ple K ie l ,  lo c a t io n  C (MW 
5 0 -2 a ). d: C lo se-u p  o f  same sp h e ro id s . e: S o l id  e l l i p s o i d s  
from sam ple a t  H5c, lo c a t io n  b (MW48-5). S c a le  bar shown in  a 
e q u a ls  10 m icrons fo r  a , 2 0 m icrons fo r  b and d, 40 m icrons fo r  
c ,  and 50 m ic r o n s  f o r  e .
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F igu re  10. Photom icrographs o f  s p in d le -  and le n s-sh a p e d  m icro ­
s tr u c tu r e s .  a: Groups o f  s p in d le s  from sam ple K l, lo c a t io n  A 
(KEV-N-7A). b:Large s p i in d le  w ith  d ou b le  c a v i ty  from same 
sam ple. c : Sm all s p in d le  from same sam ple, d: L e n tic u la r  
b o d ie s  from  sam ple K ie l ,  lo c a t io n  C (MW 5 0 -2 a ). e: Double le n s  
from  same sam ple, e: P o o r ly -p reserv ed  s p in d le  (?) from sam ple a t  
H5c, lo c a t io n  b (MW48-5). S c a le  bar shown in  b eq u a ls  50 
m icr o n sfo r  a ,  d , and e ;  25 m icrons fo r  b and c; 75 m icrons fo r  f .
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F igu re  11. Photom icrographs o f  th ic k -w a lle d  e l l i p s o i d s  from  
sam ple K l, lo c a t io n  B (M W l2-lb). a: s in g le  e l l i p s o i d ,  b: P air  
o f  e l l i p s o i d s ,  c: E l l ip s o id s  w ith  s p l i t  o r  a p ertu re , d: Group 
o f  s m a ll ,  th ic k -w a lle d  e l l i p s o i d s ,  e: Enlargem ent o f  one o f  
e l l i p s o i d s ,  show ing t h ic k ,  la y ered  w a l l .  S c a le  bar shown in  c 
e q u a ls  50 m icrons fo r  a -c ;  250 m icrons fo r  d and 25 m icrons fo r  
e .

F igu re  12. Photom icrographs o f  d u b io f o s s i l s  and p s e u d o fo s s i ls ,  
a: T h in -w a lled  f i l l e d  sp h ero id  from sam ple in  H5c, lo c a t io n  a (MW 
6 1 -4 a ). b: T h in -w a lled  f i l l e d  sp h ero id  w ith  in n er  la y e r s  and 
o u te r  c o a t in g , sam ple K l, lo c a t io n  A. c: "Renifarm aggregates"  
in  s i l i c a  p r e c ip i t a t e  la y e r ,  same sam ple a s  in  (a ), d: Carbona­
ceo u s m a tter  c o a t in g  on c r y s t a l  g h o s t ,  K ie l (MW 2 0 -1 ). e :  "Reni- 
form  aggrega tes"  in  s i l i c a  p r e c ip i t a t e  la y e r ,  f o s s i l i f e r o u s  
sam ple from K l, lo c a t io n  A. f :  S i l i c a  cem ent a s s o c ia te d  w ith  
e l l i p s o i d s ,  sam ple K l, lo c a t io n  B. S c a le  b ars shown in  in d iv i ­
d ual photographs eq u a l 25 m icrons fo r  a and c; 50 m icrons  
f o r  b , d , e  and f .

An e q u iv a le n t  s e c t io n  o f  H5c a t  lo c a t io n  a c o n ta in s  a 
s in g le  f o s s i l - l i k e  m ic r o str u c tu r e . The b la ck -a n d -w h ite  banded 
c h e r t  c o n ta in s  a la y e r  o f  f i n e  d e t r i t a l  g r a in s  o f  carbonaceous  
m a tter  m ixed w ith  some l i t h i c  g r a in s . O verly in g  i t  i s  a la y e r  o f  
b o tr y o id a l p r e c ip it a t e d  q u a r tz , w hich i s  o v e r la in  by f i n e  c a r ­
bonaceous d e t r i t u s  (F ig . 6 c). Two c h a r a c t e r i s t ic s  o f  th e  
q u artz  la y e r  p o in t  t o  i t s  b e in g  a prim ary p r e c ip i t a t e  o f  s i l i c a :  
th e  s i l i c a  la y e r  i s  concordant w ith  bedd ing, a s  i t  would be i f  
p r e c ip ita t e d  a t  th e  sed im en t-w a te r  in t e r f a c e ,  and c r y s t a l  grow th  
appears t o  have been upward, a s  in d ic a te d  by th e  upward c r y s ta l  
s i z e  in c r e a s e .  V ein and c a v ity  f i l l  quartz u s u a lly  e x h ib i t s
in c r e a s in g  c r y s t a l  s i z e  tow ard th e  c e n te r  o f  th e  c a v i ty  b ecau se  
c r y s t a l  grow th  p roceed s from both  s id e s .  P resen t w ith in  t h i s  
sam ple i s  a s in g le  la r g e  sm ooth sp h ero id  w ith  a dark co n cen tra ted  
c e n t e r  (F ig .  12a).
Kromberq sam ples
The f o s s i l i f e r o u s  sam ple a t  lo c a t io n  A (F ig. 5) i s  a t  th e  
t r a n s i t io n  betw een  th e  e v a p o r ite  sequence and th e  o v e r ly in g  
b la c k -a n d -w h ite  banded c h e r ts .  A la y e red  b la ck  c h e r t ,  i t  i s  made 
up o f  s e v e r a l pack ages o f  sc a llo p e d -to p p e d  la y e r s  o f  d u s ty -  
lo o k in g  c h e r t  c o n ta in in g  f in e  d isp e r se d  p y r i t e  c r y s t a l s  and 
sp a r se , c lou d y  carbonaceous m atter  and th ic k e r  d e t r i t a l  la y e r s  
made up o f  carbonaceous c h e r t  c l a s t s  and carbonaceous g r a in s  
(F ig . 6d). A lso  p r e s e n t  a re  s c a llo p -to p p e d  bands o f  q u a r tz , 
w hich , l i k e  th e  la y e r  in  th e  Hoogenoeg sam p le , may r e p r e se n t a 
prim ary p r e c ip i t a t e  o f  s i l i c a .  The p resen ce  in  th e  d e t r i t a l
ula y e r s  o f  r i g id  c l a s t s  o f  th e  u n d er lin g  p y r i t i c  la y e r  in d ic a te s  
e x tr e m e ly  e a r ly  l i t h i f i c a t i o n  o f  th e  sed im en ts . Large g ra n u la r -  
w a lle d  sp h e ro id s  and e l l i p s o i d s  (F igure 9 a, b) and th in -w a l le d ,  
f i l l e d  sp h ero id s  (F igu re  l i b )  are  p r e s e n t  w ith in  th e  d e t r i t a l  
la y e r s .  In  th e  upperm ost d e t r i t a l  la y e r  i s  a s in g le  h o llo w  f i l a ­
ment (F ig . 7 d , e ) .  S p in d le-sh ap ed  s tr u c tu r e s  w ith  h o llo w  co re s  
(F ig . 10 a ,  b , c )  are  co n cen tra ted  w ith in  one o f  th e  d u sty  
p y r i t i c  l a y e r s .
The banded b la ck -a n d -w h ite  c h e r t  sam ple from lo c a t io n  B 
i s  made up o f  a m a ssiv e  la y e r  o f  carbonaceous g r a in s  and l i t h i c  
g r a in s  s im i la r  t o  th e  lo w er  la y e r  in  MW 61-4 (F ig. 6c). The 
la y e r  i s  d e t r i t a l  in  o r ig in ,  w ith  no m ic r o b ia l m a t- lik e  la y e r s .  
W ith in  th e  c h e r t  m a tr ix  are  tw o c lu s t e r s  o f  e l l i p s o i d a l  f o s s i l s  
(F ig . 1 1 ) .
At lo c a t io n  C f o s s i l s  a re  found in  th e  lo w er  c h e r t  (Klc2) in  
a b la c k -a n d -w h ite  banded c h e r t . The 1.5 c e n t im e te r - th ic k  carbona­
ceo u s  band c o n ta in in g  th e  m ic r o str u c tu r e s  has a te x tu r e  th a t  
s u g g e s t s  e a r ly  d is r u p t io n  o f  th e  sed im en ts  by d e s ic c a t io n  and 
grow th  o f  a u th ig e n ic  c r y s t a l s .  At th e  b ase  o f  th e  band i s  d i f ­
f u s e ,  u n stru ctu red  carbonaceous m a tter  c u t  by jagged  q u a r tz -  
f i l l e d  cra ck s  norm al t o  bedding. The upper few  mm o f  th e  band 
c o n ta in s  f a i n t ,  d isc o n tin u o u s  la m in a tio n s  t h a t  b len d  l a t e r a l l y  
in t o  p a tch es  o f  carbonaceous m a tter . W ith in  th e s e  p a tch es  a re  
th in - w a l le d ,  in te r c o n n e c te d  sp h e ro id s  (F ig . 9 c , d ). C lo se ly  
a s s o c ia t e d  w ith  th e  sp h ero id s  are  l e n t ic u la r  s tr u c tu r e s  (F ig . 
lOd, e ) ,  s im i la r  in  shape t o  th e  le n t i c u la r  o r  sp in d le -sh a p ed  
s tr u c tu r e s  p r e se n t  a t  lo c a t io n  A, but show ing no e v id e n c e  o f  a
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h o llo w  co re .
The sam ple from K lc2 , lo c a t io n  C i s  a l s o  a b la ck -a n d -w h ite  
banded c h e r t ,  b u t th e  in te r n a l  te x tu r e  i s  one more t y p ic a l  o f  
banded c h e r t s .  The 6 -  t o  8-m m -th ick  b ro w n ish -b la ck  c h e r t  band 
c o n ta in in g  th e  f o s s i l s  i s  composed o f  f in e  carbonaceous lam ina­
t io n s  and c lo u d y  carbonaceous m a tter  w ith  p a tch es  o f  in t a c t  
la m in a t io n s  d is c e r n ib le  (F ig . 6 f ) .  L it h ic  g r a in s  a re  p r e se n t  
in  some o f  th e  w e ll- la m in a te d  la y e r s .  S t y l o l i t e s  su b p a r a lle l  t o  
bedding c u t  a c r o s s  th e  f o s s i l i f e r o u s  la y e r  in  some p la c e s .  Hema­
t i t e  c r y s t a l s  a r e  s c a t te r e d  throughout th e  la y e r ,  im p a rtin g  th e  
brow nish  c a s t .  Both h o llo w  c y l in d r ic a l  f i la m e n ts  (F ig . 7c) and 
s o l i d  th r e a d lik e  f i la m e n ts  (F ig . 7a , b) are  p r e s e n t  throughout 
th e  one carbonaceous la y e r ,  commonly i n  c lo s e  a s s o c ia t io n  (F ig .
8 a , b ) .
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Chemical Composition of the Fossiliferous Cherts
Three o f  th e  f o s s i l i f e r o u s  sam ples w ere a n a lyzed  by XRF and 
gas chrom atography. Sample H5c-1 i s  th e  low erm ost o f  th e  
Hooggenoeg s e c t io n  sam ples (F igure 3 ) , c o n ta in in g  f in e l y  
d is p e r s e d  carbonaceous m a tter  and d is to r te d  f o s s i l s .  Sample H5c- 
2 i s  th e  o v e r ly in g  sam ple co n ta in in g  f i n e  la m in a tio n s  and th rea d ­
l i k e  f ila m e n to u s  f o s s i l s .  As shown in  T able l f th e  c h e r ts  are  
d om inated  by S i0 2 » w ith  o n ly  sam ple Klc2 co n ta in in g  more than  1 
w e ig h t p e r c e n t  o f  any o th e r  o x id e . The FeO v a lu e  o f  3.96 i s  th e  
h ig h e s t  o f  any o f  th e  18 c h e r ts  an alyzed  in  th e  stu d y . The t o t a l  
o r g a n ic  carbon c o n te n ts  o f  th e  c h e r ts ,  ran g in g  from 0.05 to  0.14 
w e ig h t p e r c e n t , a r e  in  th e  same range a s  o th e r  rep o rted  f o s s i l i ­
fe r o u s  A rchean and P r o te r o z o ic  carbonaceous c h e r ts  (Awramik e t  
a l . ,  198 3 ; H ayes e t  a l . ,  1 9 8 3 ) .
TABLE 1
COMPOSITION OF FOSSILIFEROUS AND STROMATOLITIC CARBONACEOUS
CHERTS, IN WEIGHT PERCENT FOR OXIDES! AND PPM FOR ELEN
Sample H5C-1 H5C-2 Klc2 H5c S tl
S i02 9 9 .2 1 98 .90 9 5 .6 8 96 .14
A1203 0 .0 5 0 .06 0 .1 0 1 .2 7
Fe203 0 .6 9 0 .5 0 3 .9 6 0 .5 5
MgO 0 .1 7 0 .01 0 .1 1 0 .1 8
CaO 0 .0 4 0 .0 0 0 .01 0.01
Na20 0 .0 0 0 .0 0 0 .0 0 0 .0 0
K20 0 .0 5 0 .03 0 .0 4 0 .3 8
Ti02 0 .0 0 0 .0 2 0 .0 1 1 .4 6
P205 0 .0 5 0 .02 0 .0 3 0 .04
MnO 0 .0 0 0 .0 0 0 .0 0 0 .0 0
S 196 .24 115 .63 246 .62 4 6 .1 7
Zn 4 7 .0 8 13 .07 4 .7 5 4 .8 2
Cu 9 .1 2 1 7 .2 9 6 .1 3 7 .6 5
Ni 3 4 .7 2 3 9 .3 7 37 .46 1 1 .3 8
C (in o rg ) 0 .0 6 0 .07 0 .1 1 0.01
C (org) 0 .1 4 0 .0 5 0 .1 1 0 .1 6
H 0 .0 0 0 .00 0 .0 2 0 .03
N 0 .0 0 0 .0 0 0 .0 0 0 .0 0
TOTAL 100 .46 99 .66 100.21 100.23
48
A ssessm ent o f  th e  B io g e n ic ity  o f  th e  S tru ctu res
The g r e a t  age o f  th e  m icro  s tr u c tu r e s  a s  w e l l  a s  th e  
p o s s i b i l i t y  o f  c o n c e n tr a t io n s  o f  o r g a n ic  m atter  m im icking  
m orp h olog ies o f  organ ism s r e q u ir e s  t h a t  o b j e c t iv e  c r i t e r i a  be  
used  in  d e term in in g  w hether carbonaceous s tr u c tu r e s  a re  f o s s i l  
rem ains o f  organ ism s. Muir (1978) e s ta b lis h e d  sev en  c r i t e r i a  fo r  
b io g e n ic i t y :  1) m ic r o f o s s i l s  can occur o n ly  in  rocks o f  demon­
s t r a b ly  sed im en ta ry  o r g in , 2) m ic r o f o s s i l s  m ust b e  sy n -  
d e p o s it io n a l  w ith  th e  sed im en t, 3) p r eca u tio n s  m ust b e  tak en  to  
p rev en t co n ta m in a tio n , 4) m ic r o f o s s i l s  m ust be o f  o r g a n ic  m a tter ,
5) th e r e  m ust be a minimum o f  m in e r a lo g ic a l d i s t o r t io n  o f  th e  
s tr u c tu r e ,  6) m ic r o f o s s i l  m ust be o f  s im i la r  c o lo r  t o  surrounding  
o r g a n ic  m a tte r , in d ic a t in g  a s im ila r  g e o lo g ic  h is t o r y ,  and 7) 
m ic r o f o s s i l s  sh ou ld  be abundant and o f  a d i s t i n c t i v e  morphology  
w hich show s some r ea so n a b le  resem b lan ce t o  l iv in g  organ ism s, and 
such s im p le  s t r u c tu r e s  a s  sp h e ro id s  sh ou ld  be tr e a te d  s t a t i s ­
t i c a l l y .
Schopf and W alter (1983) m odify  M uir's c r i t e r i a  t o  in c lu d e  
th e  p r o v is io n  t h a t  th e  f o s s i l s  f i t  w ith in  a " w e ll-e s ta b lis h e d  
e v o lu t io n a r y  c o n te x t ,"  having a le v e l  o f  o r g a n iz a tio n  c o n s is t e n t  
w ith  f o s s i l s  o f  s im i l a r  age and be p a rt o f  a d em on strab le e v o lu ­
t io n a r y  continuum . They a l s o  expand th e  c o m p o s it io n a l r e q u ir e ­
m ents fo r  f o s s i l s  t o  in c lu d e  m in e r a l ic  co m p o s it io n s  i f  i t  appears  
th a t  th e r e  i s  m in e r a l ic  e n c r u s ta t io n  or m in e r a lic  rep lacem en t o f  
th e  o r ig in a l  o r g a n ic  m atter . Buick (1985) i s  r e lu c ta n t  t o  c o n s i­
der any m in e r a lic  s tr u c tu r e s  a s  m ic r o f o s s i l s ,  c i t i n g  exam ples o f
m in era l c r y s t a l l i t e s  th a t  a re  th r e a d lik e  or  d e n d r it ic ,  resem b lin g  
f ila m e n to u s  f o s s i l s .
A s t a t i s t i c a l  c r i t e r i a  fo r  b io g e n ic i t y  o f  sp h e ro id s  i s  th e  
D iv is io n a l  D isp e r s io n  Index (DDI), d e f in e d  by Schopf (1976). I t  
i s  th e  l e a s t  number o f  s e q u e n t ia l  v e g e t a t iv e  b in ary  d iv i s io n s  
r eq u ir ed  t o  m a th em a tica lly  reduce th e  volum e o f  th e  la r g e s t  c e l l  
o f  a p o p u la tio n  t o  th e  volum e o f  th e  s m a lle s t  c e l l  o f  th a t  popu­
la t i o n .  From com parison  w ith  modern s p e c ie s ,  Schopf (1976) 
rea so n s  t h a t  a DDI l e s s  than  7 o r  8 i s  c o n s is t e n t  w ith  in t e r ­
p r e ta t io n  a s  a s im p le  p o p u la tio n , w hereas a DDI g r e a te r  than 9 or  
10 w ould su g g e s t  h e te r o g e n ic ity  o r  a n o n -b io lo g ic a l  o r ig in .
A l l  o f  th e  s tr u c tu r e s  rep o rted  h ere  from th e  Sw aziland  
Supergroup a r e  found in  sed im en tary  r o c k s . The s tr u c tu r e s  a re  
a p p a ren tly  in d ig en o u s t o  th e  o r ig in a l  sed im en t b ecau se th e y  are  
p r e se n t  on f r e s h ly  c u t ,  unw eathered s u r fa c e s  and are n o t  
a s s o c ia t e d  w ith  c r o s s - c u t t in g  v e in s .  The exa m in a tio n  o f  th e  
f o s s i l s  in  t h in  s e c t io n  p r e c lu d e s  co n ta m in a tio n  and form ation  o f  
a r t i f a c t s  in tro d u ced  when sam ples are  m acerated  i n  a c id  to  
l ib e r a t e  th e  s tr u c tu r e s  (Schopf and W alter , 1983). The c o lo r  o f  
th e  s tr u c tu r e s  s t r o n g ly  s u g g e s ts  th a t  th e y  are  n o t organ ism s  
in tro d u ced  t o  th e  rock  a t  a l a t e r  t im e . They a r e  a s  dark o r  
d arker th an  surrounding carbonaceous m a tter , in d ic a t in g  th a t  th ey  
have undergone a s im ila r  th erm al h is t o r y  t o  th e  sed im en ts .
Filamentous structures
The filaments, particularly the tubular ones, are the most 
likely fossils of the structures reported here. They are similar
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in  s i z e  and shape t o  th o s e  o f  m odem  f ila m e n to u s  b a c te r ia  and 
cy a n o b a cter ia  and P r o te r o z o ic  f ila m e n to u s  f o s s i l s  in te r p r e te d  to  
be th e  rem ains o f  cy a n o b a c ter ia  or b a c te r ia  (Brock, 1979; 
Barghoorn and T y le r , 1965; Schopf, 1968; Awramik and Barghoorn, 
1977; K n o ll, 1982). The s in g le  f i la m e n t  (F ig . 7d, e )  in  th e  
m a tr ix  o f  a d e t r i t a l  la y e r  in  th e  Kl sam ple appears t o  have two 
tr ic h o m e s  e x ten d in g  from  a s in g le  sh ea th . M u lt ip le  tr ich o m es  
w ith in  a s in g le  sh ea th  are  c h a r a c t e r i s t ic  o f  many f ila m e n to u s  
cy a n o b a c ter ia  (F r it s c h , 1945; D esik ach ary , 1959).
The f ila m e n to u s  s tr u c tu r e s  in  H5c and Klc2 are  cammmonly in  
ta n g le d  groups and in  th e  K lc2 sam ple a r e  m ixed w ith  d i f f e r e n t  
ty p e s  o f  f i la m e n ts  (F ig . 8a ,b ). Such an arrangem ent i s  common 
in  both  f o s s i l  and m odem  m ic r o b ia l s e t t in g s  (Monty, 1967; 
G olu b ic , 1973; Doemel and Brock, 1974). Some o f  th e  f i la m e n ts  
ex ten d  from  one la m in a tio n  t o  an oth er (F ig . 8a ), a s  do m o t ile  
f ila m e n to u s  b a c te r ia  and cy a n o b a cter ia  in  la y e red  m ic r o b ia l m ats 
(Monty, 1967; G olub ic, 1973; G olub ic and Focke, 1978). F ila m en ts  
r a d ia t in g  from a common p o in t  (F ig . 8 b, c) a re  t y p ic a l  o f  th e  
" ro se tte s"  form ed by s a n e  f ila m e n to u s  b a c te r ia  (Brock, 1979), a s  
w e ll  a s  W arraw oonella r a d ia  from th e  e a r ly  Archean Warrawoona 
Group (Awramik e t  a l . ,  1983).
The abundance of pyrite along some of the microfossils 
raises the possibility that the structures may be strictly min­
eralic. However, in all of the cases, the pyrite is present as 
discrete crystals alcng the filaments, rather than a solid mass 
of pyrite forming a filament. Microfossils coated with pyrite 
grains have been reported from both the Beck Springs Dolomite
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(G u tstad t and Schopf, 1969) and th e  G u n flin t Form ation (Barghoorn  
and T y le r , 1965) and h e m a tite -c o a te d  c y l in d r ic a l  m ic r o f o s s i l s  are  
found in  th e  B e l t  Supergroup (H orodyski, 1975). The p y r it e  in  
th e  sa m p les , a s  w e l l  a s  th e  r e l a t i v e l y  h ig h  FeO c o n te n t  o f  th e  
f o s s i l i f e r o u s  sam ple from  K lc2 , may e x p la in  th e  e x c e l l e n t  p r e se r ­
v a t io n  o f  th e  abundant f ila m e n to u s  f o s s i l s .  R ecent s t u d ie s  have 
shown t h a t  th e  b in d in g  o f  ir o n  by m icroorganism s may c o n tr ib u te  t o  
t h e i r  i n t a c t  p r e s e r v a t io n  by s i l i c i f i c a t i o n  and t h a t  organ ism s  
e x p e r im e n ta lly  s i l i c i f i e d  w ith o u t th e  p resen ce  o f  ir o n  w ere  
e x t e n s iv e ly  degraded (F e r r is ,  e t  a l . ,  1988).
Spheroidal and Ellipsoidal Structures
The th in -w a l le d  sp h ero id s  from  K ie l a t  lo c a t io n  A resem b le  
a number o f  both  modern and f o s s i l  chroocoacean cy a n o b a cter ia  
b oth  in  s i z e  and m orphology (F r it s c h , 1945; D esik ach ary , 1959; 
Barghoorn and T y le r , 1965; Horodyski and D onaldson, 1980). In  
a d d it io n ,  th e y  e x h ib i t  a f a i r l y  narrow s i z e  ran ge , c o n s is t e n t  
w ith  a b io lo g ic a l  o r ig in  (F ig . 13). The D iv is io n a l  D isp ers io n  
Index o f  th e  th in -w a l le d  sp h ero id s  i s  5, w ith in  th e  range e x h i­
b ite d  by m odem  cy a n o b a c ter ia  (Schopf, 1976).
S im p le  carbonaceous sp h e r o id s , how ever, may b e produced  
a b io lo g i c a l l y  in  a number o f  ways. One p o s s i b i l i t y  i s  t h a t  th e  
s tr u c tu r e s  are " p r o to b io t ic  s tr u c tu r e s ,"  sp h e r ic a l c o l l e c t i o n s  o f  
kerogenous m a te r ia l (Folsom e e t  a l . ,  1975; Fox e t  a l . ,  1983). 
A nother p o s s i b i l i t y  i s  th a t  th e  s tr u c tu r e s  are  accu m u la tio n s o f  
o rg a n ic  m a tter  a lo n g  c r y s t a l  b ou nd aries. A lthough th e  w a l ls  o f  
th e  sp h e r o id s  do n o t  c o in c id e  w ith  th e  p r e se n t  c r y s t a l  boun-
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spheroids, sample Kiel, location C.
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d a r ie s ,  some o f  th e  sp h e ro id s  have c r o s s - s e c t io n s  th a t  are  
s l i g h t l y  rhom bic, s u g g e s t in g  t h a t  th e y  may have farm ed in  
a s s o c ia t io n  w ith  o r ig in a l  carb on ate m in e r a ls . A c le a r  exam ple o f  
a ccu m u la tio n  o f  carbonaceous m a tter  a lo n g  a m in era l boundary i s  
found in  a sam ple from  th e  same c h e r t  u n i t  (F ig . 12d).
The p r e c ip i t a t io n  o f  s i l i c a  may a l s o  r e s u l t  in  s tr u c tu r e s  
th a t  r e sem b le  c o l l e c t i o n s  o f  sp h e ro id s  (F ig . 12c, e ,  f ) .  Termed 
" ren iform  a g g r e g a te s ,"  th e y  have been dem onstrated  t o  form  by 
p r e c ip i t a t io n  from  s i l i c a  g e l  and subsequent c o a le sc e n c e  
(Lebedev, 1967). Such s tr u c tu r e s  are commonly p r e se n t  in  la y e r s  
o f  p r e c ip i t a t e d  q u artz  w ith in  th e  Sw aziland  c h e r ts .  A lthough th e  
s t r u c tu r e s  r e sem b le  sp h e r e s , in  d i f f e r e n t  f o c a l  p la n e s  th ey  can  
be se e n  t o  be m erge in t o  a b o tr y o id a l la y e r .
The g ra n u la r  e l l i p s o i d s  and sp h ero id s  from L ocation  A are  
v ery  la r g e  (F ig . 14) compared t o  modern c y a n o b a c te r ia l c e l l s .  
T h eir  D iv is io n a l  D isp e r s io n  Index i s  8 , th e  maximum t h a t  Schopf 
(1976) w ould  c o n s id e r  c o n s is t e n t  w ith  a u n ic e l lu la r  b io lo g ic a l  
o r ig in .  M ost c o c c o id a l c y a n b a c te r ia l c e l l s  are l e s s  than  10 
m icron s i n  d ia m e te r  (D esikachary, 1959). Schopf (1976) has 
argued  t h a t  sp h e r o id s  o f  such a la r g e  s i z e  a re  u n l ik e ly  t o  be  
u n ic e l lu la r  rem a in s. However, S tr o th e r  and Barghoorn (1980) 
p o in t  o u t  t h a t  p r im it iv e  c e l l s  may have req u ired  la r g e r  c e l l  
vo lu m es. The s t r u c tu r e s  may r e p r e se n t  th e  rem ains o f  r e s i s t a n t  
m u cila g in o u s  s h e a th s  surrounding c o lo n ie s  o f  cy a n o b a cter ia . Many 
modern ch roocoacean  c y a n o b a c ter ia  have sheath-encom passed  
c o lo n ie s  up t o  100-200  m icrons a c r o s s . The s tr u c tu r e s  m ight a l s o  
be rem a in s o f  r e p r o d u c tiv e  s tr u c tu r e s ,  a s  seem s l i k e l y  fo r  th e
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thick-walled ellipsoids from Kl, location B.
The sp h e ro id s  o f  Kl e x h ib i t  in  one c a s e  a p a ir in g  (F igure  
9a) s im i la r  t o  t h a t  o f  sp h e ro id s  from  th e  Mendon Form ation th a t  
w ere in te r p r e te d  a s  "newly form ed daughter c e l l  dyads whose 
a d ja c e n t w a l ls  rem ain  appressed" and co n s id ered  s tr o n g  ev id e n c e  
fo r  b io g e n ic i t y  (K noll and Barghoorn, 1977). Such p a ir in g ,  
how ever, d oes n o t n e c e s sa r y  in d ic a te  a b io lo g ic a l  o r ig in ,  a s  
in o r g a n ic  m icrosp h eres may show th e  same c h a r a c t e r is t ic  (Fox e t  
a l . ,  1 9 8 3 ) .
The la r g e  s i z e  and th ic k - la y e r e d  w a l ls  o f  th e  e l l i p s o i d s  in  
K l, lo c a t io n  B (F igure 11) su g g e s t  a s im i l a r i t y  t o  a k in e te s  or  
r e s t in g  sp o res  o f  c y a n o b a c te r ia , en la rg ed  c e l l s  u s u a l ly  form ed  
under ad v erse  c o n d it io n s  (F r it s c h , 1945; D esik ach ary , 1959; 
Tappan, 1980). The a k in e te s  c o n ta in  fo o d  r e s e r v e s  and may 
su r v iv e  fo r  lon g  p e r io d s  o f  t im e  u n t i l  c o n d it io n s  become more 
fa v o r a b le , a t  w hich  t im e  th e  a k in e te s  germ in ate  t o  produce new 
f i la m e n ts .  The s tr u c tu r e s  are  p r e se n t  in  a d e t r i t a l  la y e r ,  
s u g g e s t in g  th a t  th e y  may have been tra n sp o r ted  from t h e ir  s i t e  o f  
fo rm a tio n . The r e p r o d u c tiv e  n a tu re  o f  th e  s tr u c tu r e s  i s  supported  
by th e  appearance o f  one o f  th e  e l l i p s o i d s  (F igure 11c) which has 
a s p l i t  o r  a p er tu re  th a t  appears t o  be spew ing fo r th  i t s  
c o n te n ts ,  r e sem b lin g  e i t h e r  a g erm in atin g  a k in e te  or  a sporangium  
r e le a s in g  i t s  sp o res . A nother p o s s ib le  modern an a log  fo r  th e  
la r g e  sp h e ro id s  and e l l i s o i d s  o f  K l, L o ca tio n s  A and B i s  th a t  
th e y  a r e  sp o ra n g ia , la r g e  sp ore-p rod u c in g  b o d ie s  such  a s  are  
found in  members o f  th e  modern Democarpaceae or  
C ham aesiphonaceae.
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Lenticular _ao3 spindle-shaped structures
The sp in d le -sh a p e d  s tr u c tu r e s  in  th e  Kl sam ples from  
L o ca tio n  A resem b le  i n  shape th e  modem chroococcacean  
D a c ty lo c o c c o p s is  H ansgirg and s tr u c tu r e s  rep o rted  from th e  M iddle 
P r o te r o z o ic  D ism al Lakes Group (Horodyski and D onaldson, 1980). 
The s p in d le s  ran ge in  le n g th  from 15 t o  135 m icrons (F ig . 15) 
and w id th  from  4-61  m icro n s, w hereas Dacty 1 o c o c c o p s is  ranges in  
le n g th  from 8 -55  m icrons (D esik ach ary , 1959) and w id th  from 1-5  
m icron s. L ike th e  g ra n u la r  sp h ero id s  and e l l i p s o i d s  in  th e  same 
sam p le , th e  s p in d le s  a re  la r g e  enough th a t  th e  p o s s i b i l i t y  o f  
t h e i r  b e in g  c o lo n ie s  o f  c e l l s  or  la r g e  rep r o d u c tiv e  b o d ies  m ust 
b e  c o n s id e r e d .
The som ewhat s m a lle r  le n t i c u la r  b o d ie s  i n  th e  K iel sam ple > 
from  lo c a t io n  C a re  s im ila r  t o  th e  s p in d le s  i n  o v e r a l l  sh ape, but 
have more opaque w a l ls  and la c k  an apparent in n er  co re . The 
shape o f  th e s e  s tr u c tu r e s  and t h e ir  occu rren ce in  a sed im en t th a t  
shows e v id e n c e  o f  e v a p o r a t iv e  c o n d it io n s  s u g g e s ts  th a t  th e y  may 
b e  c r y s t a l  g h o s ts  o f  l e n t i c u la r  gypsum w ith  a c o a t in g  o f  
carbonaceous m a tter . However, t h e ir  resem blance t o  th e  more 
com plex  sp in d le -sh a p e d  s tr u c tu r e s  and t h e ir  a s s o c ia t io n  w ith  th e  
t h in - w a l le d  sp h e ro id s  h o ld  o u t th e  p o s s i b i l i t y  th a t  th e s e  
s t r u c tu r e s  may a l s o  have a b io lo g ic a l  o r ig in .
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S tr c m a to lite s
S tr o m a to lite s  r e c e n t ly  rep o rted  from th e  Mendon Form ation  
(B yerly  e t  a l . ,  1986) a re  somewhat v a r ia b le  in  m orphology, m ost 
commonly o ccu rr in g  as low  r e l i e f  l a t e r a l l y  lin k e d  domes 0.5 t o  6 
c e n t im e te r s  in  h e ig h t  and l e s s  commonly pseudocolum ns, and u n it s  
o f  c r in k ly  s t r a t i fo r m  lam inae. S t r o m a t o l i t ic  la y e r s ,  ran g in g  from  
l e s s  th an  1 t o  about 20 c e n t im e te r s  t h ic k ,  d i r e c t ly  o v e r l ie  
a lt e r e d  k o m a t i i t i c  la v a s  and a re  in  many p la c e s  covered  by a 
l a t e r  v o lc a n ic  u n it s .  The f in e  lam inae o f  th e  s t r o m a to l i t e s  are  
made up o f  eu h ed ra l to u rm a lin e  c r y s t a l s ,  w ith  m inor amounts o f  
p o s s ib le  carbonaceous m a tter . The abundant to u rm a lin e  su g g e s ts  
th e  in f lu e n c e  o f  s i l i c a - ,  m a g n esia -, ir o n -  and b oron -en rich ed  
w a ters  t h a t  may r e s u l t  from subm arine hydrotherm al e x h a la t iv e  
a n d /o r  e v a p o r a tiv e  en v ironm en ta l c o n d it io n s .
S tr o m a to lite s  p r e se n t  in  th e  upperm ost c h e r t  o f  th e  Hoogge- 
noeg Form ation (H5c) a re  s im ila r  t o  th e  F ig  Tree s t r o m a t o l i t e s ,  
e x c e p t t h a t  th e y  a re  low er  in  r e l i e f  and la c k  to u rm a lin e . The 
s t r o m a t o l i t e  la y e r s ,  w hich  range from  3 t o  10 c e n t im e te r s  th ic k ,  
a re  made up o f  l a t e r a l l y  l in k e d , ir r e g u la r ly  sp aced , low  r e l i e f  
mounds w ith  a h e ig h t  o f  ap p rox im ately  1 c e n tim e te r  and d iam eter  
o f  2 t o  3 c e n t im e te r s  (F igure 16). Some are  s l i g h t l y  asym m etric  
and e lo n g a te d  in  p la n  v ie w . They a re  made up o f  sm ooth lam ina­
t io n s  w ith  a sy n o p tic  r e l i e f  o f  l e s s  than  0.5 c e n t im e te r s ,  and 
m oderate in h e r ita n c e . The la m in a tio n s  are  composed o f  very  
sp a r se  d i f f u s e  carbonaceous m a tter  and abundant r u t i l e  c r y s t a l ­
l i t e s .  The s t r o m a t o l i t e s  o v e r l ie  a g r i t  con g lom erate  composed o f
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F igu re  16. Photographs o f  s t r a n a t o l i t e - l i k e  s tr u c tu r e s  from  th e  
Hooggenoeg Form ation (H5c), lo c a t io n  a . a: Cut s la b  show ing low -  
r e l i e f  domes over  g r i t  con g lom erate . S c a le  bar e q u a ls  1 
c e n tim e te r , b: Thin s e c t io n  o f  same sam ple. S c a le  bar eq u a ls
10 m i l l i l im e t e r s .
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m a fic  v o lc a n ic  rock  fragm en ts . A few  m eters l a t e r a l l y ,  10 c e n t i ­
m eters  o f  b la ck  and w h ite  banded c h e r t  se p a r a te  th e  s t r o m a t o l i t e s  
from th e  con g lom erate . S im ila r  s t r o m a t o l i t e - l ik e  s tr u c tu r e s  are  
p r e s e n t  in  one sam ple a s s o c ia t e d  w ith  a con g lom erate  in  th e  
e v a p o r ite  seq u en ce a t  th e  b ase  o f  Kl (W o rre ll, 1985). The s l i g h t  
e lo n g a t io n  o f  th e  s t r o m a t o l i t e s  in d ic a te s  th a t  c u r r e n ts  w ere  
p r e s e n t ,  but l a t e r a l  l in k a g e  su g g e s ts  t h a t  th e  energy was low  
enough t h a t  interm ound grow th was n o t d is tu r b e d  (Logan e t  a l . ,  
1 9 6 4 ) .
The la c k  o f  f o s s i l s  w ith in  th e  Hooggenoeg s t r o m a to l i t e s  
s tr u c tu r e s  p r e c lu d e s  d e f i n i t i v e  in t e r p r e ta t io n  o f  them a s  .pn 63 
b io g e n ic  s tr u c tu r e s  (Awramik, 1985). G e y se r ite s , mounds o f  
la m in a ted  s i l i c a  d e p o s ite d  near th e  v e n ts  o f  h o t  sp r in g s ,  
resem b le  s t r o m a t o l i t e s  (W alter, 1976). The abundance o f  r u t i l e  in  
th e  la m in a tio n s  s u g g e s ts  th a t  th e  la m ia n tia n s  may be s im i la r  to  
s i l c r e t e s  or  c a l c r e t e s ,  both  p rod u cts o f  s o i l  fo rm a tio n  (Read, 
1976; Sm ale, 1973). The h igh  T i0 2 v a lu e  o f  th e  Hooggenoeg 
s t r o m a t o l i t e  i s  c lo s e r  t o  th a t  fo r  m a fic  and u ltr a m a f ic  ign eou s  
rock  th an  t y p ic a l  sed im en tary  ro ck s (Turekian and Wedepohl,
1961). T h is , a lo n g  w ith  th e  h ig h er  than  c h o n d r it ic  r a t io  o f  T i0 2 
t o  A l20 3 , in d ic a t e s  t h a t  p h y s ic a l o r  ch em ica l p r o c e s se s  concen­
tr a te d  T i t o  produce th e  r u t i l e - r i c h  la m in a tio n s . D e p o s it io n a l  
c o n c e n tr a t io n  can be r u le d  o u t  b ecause th e  a c ic u la r ,  commonly 
tw in n ed  c r y t a l s  do n o t e x h ib i t  breakage o r  rounding. The a lt e r n a ­
t i v e  i s  ch em ica l c o n c e n tr a tio n . B ecause o f  th e  i n s o l u b i l i t y  o f  
T i, a ccu m u la tion  o f  T i i s  common in  w eath erin g  p r o f i l e s  o f  magma- 
t i c  r o c k s  (Sahoo e t  a l . ,  1981; Ward, 1 9 8 1 ) .
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Discussion
M ic r o f o s s i ls  o f  s im i la r  age to  th e s e  i n  th e  S w azilan d  rocks  
have been d e sc r ib e d  from  th e  Warrawoona Group o f  W estern A ustra­
l i a  (Awramik, Schopf and W alter , 1983; Schopf and P acker, 1987). 
Some o f  th e  f o s s i l s  a re  s im i la r  t o  th o se  d e sc r ib e d  i n  our stu d y , 
p a r t ic u la r ly  th e  th r e a d - l ik e  f i la m e n ts  t h a t  commonly have a h o ld ­
f a s t  b a se  (Awramik, Schopf and W alter , 1983). W ith th e  e x c e p tio n  
o f  th e  5 m icro n -d ia m eter  f i la m e n t  in  K l, th e  tu b u la r  s tr u c tu r e s  
in  th e  S w azilan d  rock s a r e  s m a lle r  than  th o s e  in  th e  Warrawoona 
Group, and a l l  a p p a ren tly  n o n -se p ta te . L ik e m ost o f  th e  Warra­
woona Group m ic r o f o s s i l s ,  th o se  o f  th e  Sw azilan d  rock s have 
s i z e s  and m o rp o lo g ies  t h a t  resem b le  both  b a c te r ia  and sm a ll  
c y a n o b a c ter ia . The s t r o m a t o l i t e s  o f  both  th e  F ig  Tree and th e  
Hooggenoeg a re  s im i la r  t o  th o se  d e sc r ib e d  from th e  Warrawoona 
Group by W a lte r  e t  a l .  (1 9 8 0 ) .
The d iv e r s i t y  o f  s t r u c tu r e s  p r e se n t  in  th e  Sw aziland  ro ck s ,  
a s  w e ll  a s  th e  f o s s i l s  d e sc r ib e d  from  th e  Warrawoona Group, 
su g g e s t  t h a t  a w id e  range o f  organ ism s f lo u r is h e d  on th e  e a r ly  
Earth. The p resen ce  o f  prob ab le  a k in e te s  o r  r e s t in g  sp o res  in  
th e  Onverwacht rock s le n d s  su pp ort fo r  th e  in fe r e n c e  t h a t  cyano­
b a c te r ia  had ev o lv e d  by th e  e a r ly  Archean (Schopf and Packer, 
1987). Among modern c y a n o b a c te r ia , a k in e te s  a r e  found a lm o st  
e x c lu s iv e ly  among th e  N ostocaceae  and R iv u la r ia c e a e , both  o f  
w hich  a re  th ou gh t t o  have d evelop ed  a f t e r  th e  s im p le r  form s o f  
f ila m e n to u s  c y a n o b a c te r ia , such a s  th e  O s c i l la t o r ia c e a e  (F r its c h ,  
1945; D esik ach ary , 1959). The developm ent o f  r e s t in g  sp o res  would
have been  a g r e a t  advantage in  r a p id ly  s h i f t i n g  environm ents  
w here c o n d it io n s  s u i t a b le  fo r  grow th may have been l im ite d .
I n d iv id u a l m orp h o lo g ica l ty p e s  o f  m ic r o f o s s i l s  a re  a s so ­
c ia t e d  w ith  d i s t i n c t  sed im en t ty p e s . In th e  H5c s e c t io n  th e  
l e n t i c u la r  s t r u c tu r e s  a r e  p r e se n t  i n  a very  f in e -g r a in e d  carbona­
ceo u s  sed im en t u n d istu rb ed  by c u r r e n ts ,  a s  are  th o se  in  th e  Kl 
sam p le , w hereas th e  f ila m e n to u s  s tr u c tu r e s  a r e  i n  m a t- l ik e  la y e r s  
t h a t  w ere s u b je c t  t o  p e r io d ic  e r o s io n  and r e -d e p o s it io n  o f  mat 
m a te r ia l ,  l i k e  th e  Klc2 f ila m e n to u s  f o s s i l s .  The th ic k -w a lle d  
s p h e r o id s  and e l l i p s o i d s  and th e  th in -w a l le d  e l l i p s o i d s  o f  Kl are  
p r e s e n t  in  d e t r i t a l  la y e r s ,  c o n s is t e n t  w ith  th e  in te r p r e ta t io n  o f  
th e  s t r u c t u r e s  a s  s p o r e - l ik e  s tr u c tu r e s .
The p r e s e r v a t io n  o f  carbonaceous m ic r o f o s s i l s  i s  known t o  be 
s e l e c t i v e  b o th  by organism  and by environm ent (K noll and G olub ic, 
1979; H orodyski and D onaldson, 1980). Some organ ism s a re  more 
r e s i s t a n t  t o  d e g r a d a tio n , and s a l in e  c o n d it io n s  may a id  p r eserv a ­
t io n  o f  i n t a c t  f o s s i l s  by r e ta r d in g  d eco m p o sitio n  (K noll and 
G o lu b ic , 1979 ). Many o f  th e  s tr u c tu r e s  d e sc r ib e d  h ere  a re  from  
en v iron m en ts t h a t  may have been s u b je c t  t o  e v a p o r a tiv e  c o n d i­
t io n s .  T h is  may e x p la in  why, a lth ou gh  m ic r o b ia l m a t - l ik e  t e x ­
tu r e s  a r e  common in  th e  Sw aziland  r o c k s , p r e s e r v a t io n  o f  th e  
o rg a n ism s t h a t  b u i l t  and in h a b ite d  th e  m ats i s  ra re .
I t  i s  tem p tin g  t o  u se  th e  p resen ce  o f  m ic r o b ia l m ats a s  an 
in d ic a t o r  o f  d e p o s it io n  in  sh a llo w  w a ter , b u t i t  i s  n o t  v a l id  to  
do s o . A lthough  m ost m odem  and f o s s i l  m ats s tu d ie d  a r e  found in  
w ith in  th e  p h o t ic  zon e, f la t - la m in a te d  chem otrop h ic b a c t e r ia l  
m ats have been  r ep o r te d  from b e n th ic  zon es a s s o c ia t e d  w ith  c o a s -
t a l  u p w e llin g  in  th e  Santa Barbara B asin  and th e  G ulf o f  
C a lifo r n ia  (G a lla rd o , 1977; Soutar and C r i l l ,  1977; W illia m s and 
R eim ers, 1982, 1983). However, s e d im e n to lo g ic a l ev id e n c e  from  
th e  c h e r ts  and surrounding sed im en tary  la y e r s  (Lowe and Knauth, 
1977; Lowe, 1980a; W o rre ll, 1985) in d ic a t e  th a t  th e  f o s s i l i -  
fe r o u s  sed im e n ts  accum ulated  in  sh a llo w  w ater . The Onverwacht 
m ic r o f o s s i l s  d e sc r ib e d  in  t h i s  and o th e r  s tu d ie s  (eg. Muir and 
G rant, 1976) a re  found i n  carbonaceous sed im en ts  th a t  accum ulated  
on an a n o ro g en ic  v o lc a n ic  p la tfo r m  in  sh a llo w  w ater  w ith  m inim al 
te r r ig e n o u s  d e t r i t a l  in f lu x .  B lack -an d - w h ite  banded c h e r ts  
c o n ta in in g  f i n e  m a t - l ik e  lam inae are  common in  th e  low er Onver­
w acht Group, s u g g e s t in g  t h a t ,  a lth o u g h  p reserv ed  f o s s i l s  are  n ot  
common, m ic r o b ia l m a t-b u ild e r s  w ere w idespread  and abundant in  
q u ie t  sh a llo w  w a ter .
The t im in g  o f  th e  advent o f  p h o to sy n th e s is  i s  im p ortan t t o  
th e  r e c o n s tr u c t io n  o f  th e  e v o lu t io n  o f  th e  E arth 's atm osphere  
(Awramik, 1981; W alker e t  a l . ,  1983; H olland , 1984). The form a­
t io n s  o f  m ats and th e  e v id e n c e  o f  m o t i l i t y  o f  th e  f i la m e n ts  
(F igu re 8a) resem b le  a c t i v i t i e s  o f  p h o to sy n th e t ic  cy a n o b a cter ia  
and p h o to tr o p h ic  f ila m e n to u s  b a c te r ia .  Because p h o to tr o p ic  
b a c te r ia  do n o t  produce oxygen a s  a b y-p rod uct o f  p h o to sy n th e s is ,  
how ever, t h i s  e v id e n c e  d oes n o t in d ic a t e  unam biguously th a t  oxy­
gen w as b e in g  produced. However, s t r u c tu r e s  resem b lin g  o f  more 
advanced form s o f  c y a n o b a c ter ia  (Schopf and Packer, 1987; t h i s  
s tu d y ) , w hich  have no m o rp h o lo g ica l a n a lo g s  among th e  f ila m e n to u s  
b a c t e r ia ,  s u g g e s t  t h a t  oxygen-producing cy a n o b a cter ia  were e x ta n t  
d u r in g  3 .5  Ga.
MODES OF ACCUMULATION OF CARBONACEOUS MATTER IN THE EARLY 
ARCHEAN: A PETROGRAPHIC AND GEOCHEMICAL STUDY
Carbonaceous c h e r t s  are  s i l i c i f i e d  o rg a n ic  sed im en ts . They 
are d i s t i n c t  from s im i la r  b la ck  or  gray c h e r ts  r e p r e se n tin g  
s i l i c i f i e d  v o lc a n ic  ro ck , sa n d sto n e , o r  t u f f  th a t  a re  c o lo r e d  by 
f i n e l y  d is se m in a te d  o x id e  o r  s u l f id e  m in era ls . T h eir  b la ck  or 
dark gray c o lo r  i s  im p arted  by th e  p resen ce  o f  kerogen  form ed by 
th e  d eg ra d a tio n  o f  o r g a n ic  m atter .
Types o f  Carbonaceous Chert 
Three main ty p e s  o f  carbonaceous c h e r t  are  d is t in g u is h a b le  
in  both  ou tcrop  and hand specim en: b la c k -a n d -w h ite  banded c h e r t ,  
m a ssiv e  b la ck  c h e r t ,  and lam in ated  b la ck  c h e r t  (F ig . 17).
B la ck -a n d -w h ite  Banded Chert
B la c k -a n d -w h ite  banded c h e r t  c o n s is t s  o f  a lt e r n a t in g  bands 
o f  b la ck  carbonaceous c h e r t  and v i r t u a l ly  pure gran u lar m icro­
c r y s t a l l in e  q u artz  t h a t  range in  th ic k n e s s  from  a few  m il l im e te r s  
t o  about 10 c e n t im e te r s .  On w eathered  s u r fa c e s  th e  "white" c h e r t  
bands a r e  l i g h t  gray t o  o f f - w h i t e  and th e  carbonaceous bands a 
f l a t  o r  g lo s s y  b la c k , w hereas in  fr e s h  sam ples th e  "white" bands 
are  t r a n s lu c e n t ,  so  t h a t  th e  carbonaceous and non-carbonaceous 
bands both  appear g lo s s y  b la ck . The w h ite  bands appear t o  have 
l i t h i f i e d  b e fo r e  th e  b la ck  la y e r s ,  and ea r ly -fo rm ed  b r e c c ia s  
commonly c o n s is t  o f  e lo n g a te  w h ite  c h e r t  c l a s t s  in  a m a tr ix  o f  
b la ck  c h e r t  (Lowe and Knauth, 1977). The w h ite  c h e r t  bands are
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F ig u re  17. Photographs o f  th e  th r e e  major carbonaceous ch e r t  
ty p e s , a . B la c k -a n d -w h ite  banded (MW48-12). b. M assive b la ck  (MW 
2 6 -1 ) . c . Lam inated b la ck  (MW13-2).
i

g e n e r a l ly  composed o f  homogeneous m icroq u artz , a lth ou gh  in  some 
c a s e s  th e  low er  o r  upper few  m il l im e te r s  c o n s i s t s  o f  more 
c o a r s e ly  c r y s t a l l in e  m icroqu artz  o r  f i n e  m egaquartz. The b lack  
carbonaceous bands e x h ib i t  a v a r ie t y  o f  t e x tu r e s .  Many are  mas­
s iv e  and o th e r s  f i n e l y  t o  ir r e g u la r ly  lam in ated . L o c a lly , b la c k -  
a n d -w h ite  banded c h e r t  u n it s  c o n ta in  bands o f  d o lo m ite  or  
s i d e r i t e .  Carbonate bands a re  u s u a l ly  more e a s i l y  w eathered and 
appear brown or red d ish -b row n  on a w eathered  su r fa c e . S t y l o l i t e s  
p a r a l l e l  t o  bedding are  common.
M assive B lack  Chert
M a s s iv e , s t r u c t u r e l e s s ,  g l o s s y  t o  d u l l  b la c k  c h e r t  fo rm s  
l a y e r s  from  a few  m i l l i m e t e r s  t o  a b o u t 1 m e te r  t h ic k  t h a t  a r e  
com m only in te r b e d d e d  w it h  o r  cap  u n i t s  o f v o lc a n ic la s t i c  s i l t -  
s to n e  and san d ston e, s i l i c i f i e d  t u f f ,  o r  a c c r e t io n a r y  l a p i l l i  
in  th e  Onverwacht Group. The t h ic k e s t  u n it  o f  m assive  b la ck  c h e r t  
ob served  during th e  p r e s e n t  stud y  i s  a 12 m eter th ic k  bed in  the, 
Mendon Form ation.
Laminated B lack  Chert
Lam inated b la ck  c h e r t  r e sem b le s  m a ssiv e  b la ck  c h e r t  in  o u t­
crop  appearance and d is t r ib u t io n .  W eathering o f  lam in ated  c h e r t  
u n i t s ,  h o w e v e r , r e v e a l s  1 -3  m i l l im e t e r - t h i c k  b lack  la m in a tio n s  
sep a ra ted  by l i g h t  gray  la m in a tio n s  l e s s  than  1 m il l im e te r  th ic k .  
U n it s  o f  la m in a te d  b la c k  c h e r t  ra n g e  from  a few  m i l l i m e t e r s  t o  
o v er  13 m eters th ic k .
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Petrography of the Carbonaceous Cherts
C om position
Carbonaceous cherts are composed primarily of granular 
microcrystalline quartz (GMC) or microquartz (Folk, 1973).
M icroquartz i s  c h a r a c te r iz e d  by equant c r y s t a l  dom ains l e s s  than  
35 um a c r o s s . Many u n i t s  o f  carbonaceous c h e r t  are  m a ssiv e  
m icrom osa ics o f  m icro q u a rtz , carbonaceous m a tter , and a c c e sso r y  
m in e r a ls . O th ers, how ever, r e p r e se n t  c o a r se r  d e t r i t a l  sed im en ts  
and in c lu d e  a v a r ie ty  o f  c l a s t i c  m in era l and l i t h i c  g r a in s . The 
m ost common l i t h i c  g r a in s  are  v a r i e t i e s  o f  c h e r t  d is t in g u is h a b le  
from th e  surrounding m a tr ix  by s i z e  d if f e r e n c e s  o f  m icroquartz  
dom ains o r  in  th e  abundance and co m p o sit io n  o f  im p u r it ie s .  Other 
common l i t h i c  g r a in s  in c lu d e  carbonaceous c h e r t  and s e r i c i t i c  
c h e r t ,  th e  l a t t e r  p robab ly  r e p r e se n t in g  s i l i c i f i e d  v o lc a n ic  rock  
and v o l c a n i c l a s t i c  sed im en ts . C arbonate, p y r i t e ,  and h e m a tite  a re  
a c c e sso r y  c o n s t i tu e n t s  o f  many carbonaceous c h e r t s .  F ine p y r it e  
and o th e r  opaque m in e r a ls  resem b le  f i n e l y  d isp e r se d  opaque c a r ­
bonaceous m a tter , but are d is t in g u is h a b le  p e tr o g r a p h ic a lly  by 
t h e ir  c r y s t a l  form  and r e f le c ta n c e .
Fcur m ain p e tro g ra p h ic  v a r i e t i e s  o f  carbonaceous m atter  can  
be rec o g n ized : 1) f in e  m a t - l ik e  la m in a t io n s , 2) s im p le  g r a in s ,  3) 
lo b a te  co m p o site  g r a in s ,  and 4) e lo n g a te  w isp s . There are  two  
l e s s  common ty p e s :  5) c lo u d y , d i f f u s e  carbonaceous m atter  
and 6) c r y s t a l l i n e  c a r b o n a c e o u s  m a t e r i a l .
Fine mat-like laminations
F in e  carbonaceous la m in a tio n s  a re  1 t o  20 m icrons th ic k ,  
m o r e -o r - le s s  p lan ar c o n c e n tr a t io n s  o f  carbonaceous m atter  se p -
a ra ted  by 10 t o  25 m ic r o n -th ic k  la y e r s  o f  pure m icroquartz (F ig . 
18). On th e  m icron  s c a le  th e  la m in a tio n s  are commonly d is c o n ­
t in u o u s , b u t on a la r g e r  s c a le  many can be tr a c e d  a c r o s s  cu t  
s u r fa c e s  s e v e r a l  c e n t im e te r s  w ide. They are wavy or  c r in k ly  on a 
sm a ll s c a l e ,  w ith  maximum r e l i e f  o f  a few  m il l im e t e r s .  The f in e  
carbonaceous la m in a tio n s  cure commonly s ta ck ed  in  la y e r s  0.5 t o  5 
c e n t im e te r s  th ic k  sep a ra ted  by bands o f  w h ite  non-carbonaceous  
c h e r t  in  b la c k -a n d -w h ite  banded c h e r ts  o r  by d e t r i t a l  la y e r s .  In 
many in s ta n c e s  th e  la m in a tio n s  a r e  buck led  or broken and in  some 
c a s e s  a re  fo ld e d  o ver  on th em se lv es  o r  fragm ented  (F ig . 18 c ,  
d ) .
F in e  carbonaceous la m in a tio n s  th a t  a l t e r n a te  w ith  th in  
la y e r s  o f  pure m icroqu artz in  b la ck  and w h ite  banded c h e r ts  
resem b le  modern m ic r o b ia l m ats (Monty, 1967). Modern m ats a re  
in h a b ite d  by a v a r ie t y  o f  m icroorgan ism s, in c lu d in g  c o c c o o id a l  
cy a n o b a c te r ia , p u rp le  p h o to sy n th e t ic  b a c te r ia ,  and decom posing  
b a c t e r ia ,  b u t th e  c o n s tr u c t in g  organ ism s are  g e n e r a l ly  f ila m e n ­
to u s  b a c te r ia  o r  cy a n o b a cter ia  whose g e la t in o u s  sh e a th s  in t e r ­
weave t o  form  c o h e s iv e  s h e e t s  (G olub ic , 1973; H orodyski e t  a l . ,  
1977; M argu lis  e t  a l . ,  1980). The m i l l im e t e r - s c a le  c o u p le ts  o f  
a lt e r n a t in g  o r g a n ic -r ic h  and o rg a n ic -p o o r  sed im en ts  r e s u l t  from  
th e  tra p p in g  o f  sed im en t by th e  s t ic k y  m ats o r  th e  p r e c ip i t a t io n  
o f  m in e r a ls , e s p e c ia l ly  CaCOg, on th e  mat s u r fa c e  fo llo w e d  by 
upward m ig r a t io n  o f  th e  organ ism s t o  c o lo n iz e  th e  new su r fa c e .
The c o h e s iv e  in t e g r i t y  o f  th e  carbonaceous la m in a tio n s  i s  demon­
s t r a t e d  a s  th e  la m in a tio n s  drape o v er  d e t r i t a l  g r a in s ,  and a s  
th e y  r e t a in  t h e i r  s h e e t - l ik e  c h a r a c te r  a f t e r  b e in g  to r n  up and
F igu re  18. Photom icrographs o f , m a t - l ik e  la m in a tio n s , a: F ine
carbonaceous la m in a tio n s  w ith  s c a t te r e d  s im p le  and com p osite  
g r a in s  in  f o s s i l i f e r o u s  sam p le , H5c (MW48-12). S c a le  bar eq u a ls  
200 m icron s, b: T h read lik e  f ila m e n to u s  f o s s i l s  in  same sam ple. 
S c a le  bar e q u a ls  100 m icron s, c: M a t-lik e  la m in a tio n s  fo ld e d  over  
on th e m se lv e s  and lo o s e  d e t r i t a l  fragm en ts o f  f i n e  la m in a tio n s ,  
K3CW (MW 1 5 - lb ) .  S c a le  bar e q u a ls  1 m il l im e te r ,  d: Same in  
c r o sse d  n i c o l s .
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r e -d e p o s it e d  (F ig . 18 c , d ). In  s e t t in g s  w here th e r e  i s  p e r io d ic  
exp osu re  and d e s ic c a t io n ,  moderns m ats are  commonly r ip p ed  up and 
fo ld e d  o v er  on th e m se lv e s  (D av ies, 1970). F ilam en tou s m icro ­
f o s s i l s  r e sem b lin g  modern and f o s s i l s  m ic r o b ia l m a t-b u ild e r s  
c o n ta in e d  w ith in  f i n e  carbonaceous la m in a tio n s  have been  d e s ­
c r ib e d  d u rin g  t h i s  stu d y  from th e  Hooggenoeg and Kromberg form a­
t io n s  (W alsh and Lowe, 1985). The o v e r a l l  s im i l a r i t y  o f  th e  f in e  
carb on aceou s la m in a t io n s  t o  modern m ats combined w ith  th e  
p r e se n c e  o f  b a c t e r ia -  o r  c y a n o b a c te r ia - l ik e  m ic r o str u c tu r e s  
a rg u es s tr o n g ly  fo r  t h e ir  in t e r p r e ta t io n  a s  f o s s i l  m icr o b ia l 
m ats.
S im ple carbonaceous g r a in s
The m ost common carbonaceous p a r t ic l e s  a re  s im p le  carbona­
ceo u s  g r a in s .  These are  ir r e g u la r ly  shaped, in t e r n a l ly  u n stru c ­
tu red  k erogen  g r a in s  th a t  range in  s i z e  from  l e s s  than  5 to  over  
750 m icrcn s (F ig . 19) and t y p ic a l ly  have ragged , ra th er  than  
w e l l -d e f in e d  ed g es . M icroquartz surrounds and perm eates th e  
g r a in s .  S im p le  g r a in s  occu r in  o v er  75% o f  th e  sam ples exam ined. 
The ra g g ed , u n stru c tu re d  shape, n e a r ly  u b iq u ito u s  o ccu rren ce , and 
common a s s o c ia to n  w ith  l i t h i c  d e t r i t u s  s u g g e s ts  t h a t  s im p le  
carbonaceous g r a in s  a re  d e t r i t a l  p a r t i c l e s  o f  o rg a n ic  m a tter .
S im p le  g r a in s  in t e r la y e r e d  w ith  m a t - l ik e  la m in a tio n s  are  
prob ab ly  r e -d e p o s it e d  p a r t i c l e s  o f  eroded m ic r o b ia l mat m a te r ia l  
o r  p ro d u cts  o f  in  s i t u  mat decom positon  (Monty, 1967; D av ies , 
1970). The mode o f  fo rm a tio n  o f  s im p le  g r a in s  n o t  c l e a r ly  a s s o ­
c ia t e d  w ith  m ic r o b ia l m ats i s  l e s s  c le a r .  A s im i la r  d e t r i t a l
F igu re  19. Photom icrographs o f  s im p le  carbonaceous g r a in s , a: 
Layer o f  s im p le  g r a in s  t h a t  o v e r l i e s  m a t lik e  la m in a t io n s  in  
f o s s i l i f e r o u s  sam ple, H5c (MW48-12). S c a le  bar e q u a ls  2090 
m icron s, b: S im ple g r a in s  m ixed w ith  l i t h i c  g r a in s  in  K3cW (MW 9 -
1). S c a le  bar e q u a ls  200 m icrons.
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o r ig in  i s  l i k e l y ,  b u t s t u d ie s  o f  modern o rg a n ic  sed im en ts  su g g e s t  
o th e r  p o s s i b i l i t i e s .  In  th e  o c e a n ic  w ater colum n, m inute par­
t i c l e s  have been observed  t o  c o a le s c e  on a ir  b u b b les, form ing  
la r g e  o r g a n ic  p a r t ic l e s  (R ile y , 1970). High m o lecu la r  w eig h t  
compounds form ed from breakdown p rod u cts o f  d eco m p o sitio n  are a 
m ajor component o f  modern o rg a n ic  sed im en ts  (Hue, 1980). The 
s o - c a l l e d  humic su b sta n ces  c o a le s c e  w ith  l i k e  compounds or w ith  
m in era l p h a se s , th u s in c r e a s in g  t h e ir  s e t t l i n g  r a te .  The p resen ce  
o f  f in e  m in e r a ls , e s p e c ia l ly  c la y s ,  i s  im p ortan t b ecau se o rg a n ic  
m a tter  i s  adsorbed o n to  c la y  s u r fa c e s . C a lc i te  and o th e r  se a  
s a l t s  may a l s o  a t t r a c t  an o rg a n ic  c o a t in g  w hich in  tu rn  p r o te c t s  
th e  s a l t s  from  s o lu t io n ,  even  in  u n dersa tu ra ted  w a ters  (Sheldon  
e t  a l ,  1967 ). Water s a l i n i t y  in c r e a se s  f lo c c u la t io n  r a t e ,  a s  
d o es in c r e a se d  c o n c e n tr a tio n  o f  o rg a n ic  p a r t ic l e s  (Krank, 1980).
Lobate Composite Grains
L obate t o  n e a r ly  c i r c u la r  clum ps o f  kerogen  th a t  a re  made up 
o f  s m a lle r ,  commonly rounded carbonaceous p a r t i c l e s  a r e  h ere  
term ed co m p o site  g r a in s  (F ig . 20). They range from ap p rox i­
m a te ly  100 t o  over 1000 m icrons in  d ia m eter . In d iv id u a l 
com ponent carbonaceous p a r t i c l e s ,  ran gin g  from 25 t o  100 m icrons  
in  d ia m e te r , are  commonly surrounded by la y e r s  o f  b o tr y o id a l  
m icr o q u a r tz .
F ine s e r i c i t e  g r a in s  p r e se n t  in  many o f  th e  co m p o site  par­
t i c l e s  s u g g e s t  t h a t  c la y  m in era ls  may have f a c i l i t a t e d  aggrada­
t io n  o f  carbonaceous m a tter  (Sheldon , 1967; Krank, 1980), were 
on ce p r e se n t . However, th e  canmon a s s o c ia t io n  o f  co m p o site  g r a in s
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F ig u re  2 0 . Photom icrographs o f  co m p o site  carbonaceous g r a in s ,  
a: C om posite g ra in  in  b la c k -a n d -w h ite  banded c h e r t  in  K ie l
(MW50-3a). S c a le  bar e q u a ls  200 m icrons, b: C om posite g ra in  w ith  
in t e r n a l  and e x te r n a l b o tr y o id a l s i l i c a  cem ent (arrow) in  Kl 
(MW60-1). S c a le  bar e q u a ls  200 m icrons, c: Layer o f  com p osite  
g r a in s  w ith  b o tr y o id a l c o a t in g  o f  s i l i c a  cem ent i n  Kl (MW60-1). 
S c a le  bar e q u a ls  1 m il l im e te r ,  d: Same w ith  c r o ssed  n ic o l s .
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w ith  m ic r o b ia l mat la y e r s  su g g e s ts  th a t  com p osite  g r a in s  may be 
s im i la r  t o  th e  g lo b u la r  c o lo n ie s  o f  cy a n o b a c ter ia , s o - c a l l e d  
" a lg a l lumps," th a t  occu r in  in t e r t i d a l  sed im en ts  on Andros 
I s la n d , Bahamas (Monty, 1967) or t o  o rg a n ic  a g g reg a te s  h e ld  
to g e th e r  by g e la t in o u s  s e c r e t io n s  o f  in h a b it in g  b a c te r ia  and 
a lg a e . A stu d y  o f  o rg a n ic  p a r t i c l e s  in  th e  North A t la n t ic  ocean  
i d e n t i f i e d  sp h e r ic a l p a r t i c l e s  25-1000 m icrons in  d ia m eter  com­
p osed  o f  a v a r ie t y  o f  aggregated  y e t  d i s t i n c t i v e  o rg a n ic  and 
in o r g a n ic  su b u n its  o f  v a r ia b le  co m p o sitio n  (Gordon, 1971a, b).
The p a r t ic l e s  c o n ta in  in te r n a l  m icroenvironm ents s u b s t a n t ia l ly  
d if f e r e n t  from surrounding evn ironm ents th a t  a r e  in h a b ite d  by a 
f lo r a  o f  b a c te r ia  and sm a ll a lg a e .
The form ation  o f  th e  s i l i c a  cem ent common w ith in  and su r­
rounding com p osite  g r a in s  may be an alogous t o  th e  s i l i c i f i c a t i o n  
o f  wood, in  w h ich , i t  i s  th ou gh t, o rg a n ic  m o lec u le s  a c t  a s  a 
te m p la te , en a b lin g  m o lecu la r  s i l i c i c  a c id  t o  p o ly m er ize , e l im i ­
n a te  w a ter , and form s i l i c a  f i lm s  (Leo and Barghoorn, 1976;
S t e in ,  1982). The s i l i c a  may have a l s o  rep la ced  more com plex  
cem ents. In  th e  h ig h ly  porous su r fa c e  sed im en ts  on th e  co n tin en ­
t a l  m argin o f  Peru p e l l e t a l  o rg a n ic  p a r t ic l e s  appear t o  be coa ted  
by b a c t e r ia l  sh ea th s  (R eim ers, 1982). A fte r  b u r ia l an in ­
c r e a s in g ly  un iform  and c lo s e d  organ o-m in era l s tr u c tu r e  c o n s is t in g  
o f  f e c a l  m a tte r , op a l and c la y  m in era ls  d ev e lo p s . E arly  form a­
t io n  o f  th e  netw ork has a s tr e n g th e n in g  e f f e c t .  In  a s im ila r  
manner, th e  e a r ly  fo rm a tio n  o f  s i l i c a  cem ent surrounding  
co m p o site  g r a in s  appears t o  have c o n tr ib u te d  t o  e a r ly  l i t h i f i c a -  
t io n ,  and retard ed  sed im en t com paction , a s  ev id en ced  by th e  lo o s e
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pack ing o f  th e  sed im en ts  and eq u id im en sio n a l p r e se r v a t io n  o f  th e  
g r a in s .
Carbonaceous wisps
Carbonaceous w isp s  a r e  p a r t i c l e s  w ith  a s p e c t  r a t io s  o f  f i v e  
o r  g r e a te r , g e n e r a lly  w ith  t h e ir  lo n g e s t  a x es  s u b p a r a lle l  t o  
bedding (F ig . 21 ). The la r g e s t  w isp s  are  50 m icrons th ic k  and 
500-100 m icrons lon g . The s m a lle s t  r e c o g n iz a b le  w iqps a r e  l e s s  
th an  10 m icrons th ic k  and 50-100  m icrons lon g .
C herts in  w hich  w isp s  a r e  th e  dom inant carbonaceous par­
t i c l e s  a re  t y p ic a l ly  t ig h t ly -p a c k e d  and c o n ta in  abundant f in e ­
g ra in ed  v o lc a n i c la s t i c  sand, s i l t ,  and m ica , th e  l a s t  probably  
r e p r e se n t in g  a lt e r e d  v o lc a n ic  ash . The c l o s e  pack ing o f  th e  
g r a in s ,  t h e ir  o r ie n ta t io n  p a r a l l e l  t o  bedding, and th e  p resen ce  
o f  abundant non-carbonaceous d e t r i t u s  s u g g e s ts  t h a t  th e  f l a t  
shape o f  th e  w isp s  i s  n o t o r ig in a l ,  b u t i s  due t o  com paction . 
Supporting t h i s  in fe r e n c e  i s  th e  o b se r v a tio n  th a t  a lth ou gh  in  
both  b la c k -a n d -w h ite  banded c h e r t  and m a ssiv e  b la c k , s im p le  and 
co m p o site  g r a in s  a r e  commonly eq u id im en sio n a l and lo o s e ly  packed. 
Where th e  g r a in s  are  e lo n g a te ,  th e y  are  more c l o s e l y  packed than  
a d ja cen t la y e r s  w ith  equant g r a in s  and are o r ie n te d  p a r a l l e l  t o  
bedding. M ost w isp s  probab ly  o r ig in a te d  a s  f i n e  d e t r i t a l  carbona­
ceo u s g r a in s . Few a r e  la r g e  enough t o  be com pressed  com p osite  
g r a n u le s , and th e  la c k  o f  con tin u ou s la m in a tio n s  makes i t  un­
l i k e l y  th a t  th e  w isp s  a re  com pressed in  s i t u  m ic r o b ia l m ats.
F ig u re  21. Photom icrographs o f  carbonaceous w isp s, a: F la t
w isp s  in  m a ss iv e  b la ck  c h e r t  in  M2c (MWl-2). S c a le  bar eq u a ls  
200 m icrons, b: Carbonaceous w iqps i n  lam in ated  b la ck  c h e r t  in
K3cE (SA F 23-153). S c a le  bar eq u a ls  1 m il l im e te r .

C loudy, d i f f u s e  carbonaceous m atter
Carbonaceous m a tter  i s  p r e s e n t  in  some c h e r ts  a s  in d i s t i n c t ,  
f a i n t ,  c lo u d y  background o r  ir r e g u la r  p a tch es  th a t  a re  n o t  
r e s o lv a b le  in t o  in d iv id u a l g r a in s . Cloudy p a tch es  o f  carbona­
ceo u s  m a tte r  a re  m ost abundant in  c h e r ts  made up o f  c l o s e l y -  
packed s im p le  carbonaceous g r a in s , b u t, o v e r a l l ,  are  a m inor 
com ponent o f  m ost carbonaceous c h e r t s .  In  a few  c a s e s ,  th e  ca r ­
bonaceous m a tter  i s  e v e n ly  d is se m in a te d  w ith in  a ch e r t m atr ix  
(F ig . 2 2 ). T h is  m a te r ia l i s  in te r p r e te d  a s  e x tre m e ly  f in e  d e t r i ­
t a l  o r  degraded carbonanceous m a tter .
C r y s t a l l in e  carbonaceous m a te r ia l (g ra p h ite )
A l l  sam p les c o l l e c t e d  from  th e  T h eesp ru it Form ation and some 
sa m p les  from  th e  F ig  Tree Group in  th e  n orth ern  p a r t  o f  th e  
g r e e n sto n e  b e l t  c o n ta in  f in e ,  s h in y , b la ck  c r y s t a l l in e  
carb on aceou s m a tter  in  a m a tr ix  o f  f in e  m egaquartz (F ig . 23a).
The r e c r y s t a l l i z a t i o n  w ith in  th e s e  metamorphosed sam ples la r g e ly
o b sc u r e s  th e  o r ig in a l  sed im en tary  fa b r ic .  One o f  th e s e  sam ples  
w as exam ined  by scan n in g  e le c t r o n  m icroscop e . I t  c o n ta in s  
ta b u la r  hexagon a l g r a p h ite  c r y s t a l s  d isp e r se d  w ith in  th e  quartz  
m a tr ix  (F ig .  23b).
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F ig u re  22. Photom icrographs o f  c lou d y  carbonaceous m atter , a: 
Layer o f  c lou d y  carbonaceous m atter  in  f o s s i l i f e r o u s  sam ple in  
H5c (MW48-5). S c a le  bar e q u a ls  200 m icron s, b: Same w ith  
c r o sse d  n i c o l s ,  showing f in e  s c a t te r e d  tourm aline.
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F ig u re  23. Photom icrographs o f  c r y s t a l l i n e  carbonaceous m a tter , 
a: C r y s ta l l in e  carbonaceous m a tter  and m egaquartz, T h eesp ru it
Form ation (MW24-1). S c a le  bar e q u a ls  200 m icron s, b: SEM 
photograph o f  same sam ple show ing hexagonal h a b it  o f  c r y s t a l l in e  
c a r b o n a c e o u s  m a tter  (g r a p h ite ) . S c a le  bar e q u a ls  10 m icrons.

Hydraulic Behavior of the Carbonaceous Particles
The co m p o sit io n  o f  th e  carbonaceous g r a in  ty p e s ,  s im p le ,  
co m p o site  and w is p s , s u g g e s ts  t h a t  th e y  w ere o f  low  d e n s ity  (Hue, 
1980). T h is  assu m p tion  was t e s t e d  by a com parison o f  g ra in  s i z e s  
in  d e p o s it s  t h a t  w ere h y d r a u lic a l ly  so r te d  by c u r r e n ts . Grains 
d e p o s ite d  to g e th e r  by c u r r e n ts , r e g a r d le s s  o f  s i z e  and com posi­
t io n ,  e x h ib i t  approxim ate h y d r a u lic  e q u iv a le n c e  (B la t t  e t  a l . ,  
1980). A com parison  o f  th e  g r a in  s i z e  d is t r ib u t io n  in  c u r r e n t-  
d e p o s ite d  la y e r s  c o n s is t in g  o f  a m ixtu re o f  l i t h i c  and s im p le  
carbonaceous g r a in s  (F ig . 24) in d ic a te s  th a t  f i n e -  and medium- 
s a n d -s iz e d  s im p le  carbonaceous g r a in s  are h y d r a u lic a l ly  eq u iv a ­
le n t  t o  v e r y  f i n e  s a n d -s iz e d  l i t h i c  d e t r i t u s ,  su p p ortin g  th e  
assu m p tion  th a t  s im p le  g r a in s  were o f  low er d e n s ity  th an  a s s o ­
c ia t e d  te r r ig e n o u s  g r a in s .
The h y d r a u lic  b eh av ior  o f  co m p o site  g r a in s  su g g e st  th a t  
t h e i r  co m p o sitio n  was p o re  com plex th an  th a t  o f  th e  s im p le  
g r a in s .  S iz e  d is t r ib u t io n s  o f  co m p o site  and l i t h i c  g r a in s  (F ig . 
24) in d ic a t e  t h a t  th e  tw o p a r t i c l e  ty p e s  e x h ib ite d  s im ila r  
h y d r a u lic  b eh a v io r . The d e n s ity  o f  th e  carbonaceous com p osite  
g r a in s  may have been  g r e a te r  than  th a t  o f  s im p le  g r a in s  b ecause  
o f  t i g h t e r  pack in g  o f  th e  o rg a n ic  m a tter , th e  in c lu s io n  o f  m inute  
m in era l g r a in s  su ch  a s  s e r i c i t e ,  or  a c o a t in g  o f  s i l i c a .  The 
p r e sen ce  o f  a s i l i c a  c o a t in g  on some co m p o site  g r a in s , form ed in  
a s i l i c a - o v e r s a t u r a t e d  Archean w ater  column (Ronov, 1964;
H ollan d , 1984) w ould e x p la in  th e  ex tre m e ly  lo o s e  pack in g  o f  
co m p o site  g r a in s  i n  some la y e r s  (F ig . 20 c ,  d ).
F ig u re  24. S iz e -fr e q u e n c y  h isto g ra m s o f  carbonaceous and l i t h i c  
g r a in s  w ith in  s in g le  la y e r s .  a . C u rren t-d ep o sited  la y e r  in  
a la m in a ted  b la ck  c h e r t  (MW 4 8 -8 ). L i t h ic  g r a in s  a r e  f in e r  than  
a s s o c ia t e d  s im p le  carbonaceous g r a in s , b. C u rren t-d ep o sited  
la y e r s  in  a b la c k -a n d -w h ite  banded c h e r t  (MW 5 0 -3a). G rain s i z e  
d is t r ib u t io n  o f  l i t h i c  in t r a c l a s t s  and co m p o site  carbonaceous  
g r a in s  i s  a lm o st id e n t i c a l ,  c . S im p le  carbonaceous g r a in s  and 
pure c h e r t  l i t h i c  g r a in s  in  a m a ssiv e  b la ck  c h e r t  (MW 4 3 -1 ). 
S im p le carbonaceous g r a in s  are c o a rser  th an  a s s o c ia t e d  pure c h e r t  
g r a in s .
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Petrography of the Chert Types
The th r e e  ty p e s  o f  carbonaceous c h e r t ,  b la ck -a n d -w h ite  
banded, m a ssiv e  b la c k , and lam in ated  b la c k , can be c h a r a c te r iz e d  
by d i f f e r e n t  b u t o v er la p p in g  m ix tu res  o f  carbonaceous g r a in  ty p e s  
(F ig . 25 ). B la c k -a n d -w h ite  banded c h e r ts  a re  composed la r g e ly  o f  
f in e  m a t - l ik e  la m in a t io n s , co m p o site  g r a in s , and s im p le  d e t r i t a l  
p a r t i c l e s .  Most m a t - l ik e  la m in a tio n s  occur in  b la ck -a n d -w h ite  
banded c h e r t . W ith in  th e  carbonaceous bands, la y e r s  o f  m a t- l ik e  
la m in a tio n s  commonly a lt e r n a t e  w ith  la y e r s  o f  s im p le  carbonaceous  
g r a in s  o r  m ix tu res  o f  carbonaceous g r a in s  and e lo n g a te , co a r se  
sa n d -s iz e d  c l a s t s  o f  carbonaceous c h e r t . S c a tte r e d  com p osite  
g r a in s  draped by m a t - l ik e  la m in a tio n s  are common.
Most m a ssiv e  b la ck  c h e r ts  are  dom inated by s im p le  d e t r i t a l  
g r a in s . S im ple g r a in s  may occu r t o  th e  e x c lu s io n  o f  o th e r  par­
t i c l e s  o r  m ixed w ith  l i t h i c  d e t r i t u s ,  co m p o site  carbonaceous 
g r a in s ,  o r  carbonaceous w isp s .
Laminated black cherts are composed mainly of simple carbon­
aceous grains and wisps, but include silt-sized terrigenous clas­
tic grains. Mat-like laminations and especially composite grains 
are rare in laminated black cherts.
S t a t i s t i c a l  t e s t s  su p p ort th e  g en era l o b se r v a tio n s  about th e  
c h a r a c t e r i s t ic s  o f  th e  th e  th r e e  c h e r t  ty p e s . A n a ly s is  o f  v a r i­
ance o f  p a r t i c l e  ty p e  abundance by c h e r t  ty p e  in d ic a t e s  th a t  
th e r e  are  s e v e r a l  s t a t i s t i c a l l y  s ig n i f i c a n t  d if f e r e n c e s  (Table
2). B la ck -a n d -w h ite  banded c h e r ts  have more m a t- l ik e  la m in a tio n s  
than  m a ssiv e  and lam in a ted  b la ck  c h e r ts .  Lam inated c h e r ts  con -
F ig u re  25. P ie  c h a r ts  i l l u s t r a t i n g  th e  mean p o p u la tio n s  o f  
p etro g ra p h ic  form s o f  carbonaceous m atter  in  th e  th r e e  c h e r t  
ty p e s . Based on 162 sam p les.
BLACK-AND-WHITE 
BANDED CHERT
27%
LAMINATED BLACK CHERT
MASSIVE BLACK CHERT 
1%
17%
P H  FINE C.
LAMINATIONS
H a l  SMPLE GRAINS
COMPOSITE
GRAINS
F la l  WISPS
E E 3 lith ic  g r a in s
TABLE 2. Mean p erce n ta g e s  o f  p a r t ic l e  ty p e s  and packing d e n s ity  
in  th e  th r e e  carbonaceous c h e r t  ty p e s . A s te r is k  in d ic a te s  th a t  
th e  c h e r t  i s  s t a t i s t i c a l l y  s ig n i f i c a n t l y  d i f f e r e n t  than  o th er  
c h e r t  ty p e s . Based on 152 sam ples.
TYPE MAT-LIKE SIMPLE COMPOSITE WISPS LITHICS PACKING
Banded 29* 25 21 1* 14 39*
M assive 1 33 14 12* 24 55*
Laminated 5 26 3* 34* 23 69*
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t a in  few er  co m p o site  g r a in s  than  m a ssiv e  and banded b la ck  c h e r ts .  
The th r e e  c h e r t  ty p e s  a l l  d i f f e r  in  t h e ir  carbonaceous w isp  
p o p u la tio n s  and in  th e  d e n s ity  o f  t h e ir  p ack ing.
C erta in  p a r t i c l e  a s s o c ia t io n s  are  a l s o  p r e f e r e n t ia l ly  
d evelop ed . Of th e  te n  p o s s ib le  b in ary  com b in ation s o f  p a r t ic l e  
ty p e s ,  c h i-s q u a r e  a n a ly s is  o f  c o m p o s it io n a l d ata  shows th a t  th r e e  
are  s i g n i f i c a n t l y  d evelop ed  a t  th e  9 5% le v e l  o f  c o n fid e n c e . 
M a tlik e  la m in a t ic n s  and co m p o site  carbonaceous g r a in s  show a 
s tro n g  p o s i t i v e  a s s o c ia t io n .  There i s  a a l s o  p o s i t iv e  a s s o c ia t io n  
betw een  w isp s  and te r r ig e n o u s  d e t r i t u s .  W isps and com p osite  
g r a in s  show a n e g a t iv e  a s s o c ia t io n .
Sedimentation
Black-and-White Banded Chert
T he t h i n n e s s  and  l a t e r a l  c o n t i n u i t y  o f  i n d i v i d u a l  
la m in a t io n s  and la y e r s  w ith in  th e  banded b la c k -a n d -w h ite  c h e r ts  
su g g e s t  d e p o s it io n  under lo w -en erg y  c o n d it io n s . The p resen ce  o f  
c o a r s e - s a n d -s iz e d  i n t r a c l a s t s  a s  w e l l  a s  r ip p ed  up, fo ld e d , and 
l o c a l l y  tra n sp o r ted  fragm en ts o f  m a t - l ik e  la m in a tio n s  in d ic a te s  
t h a t  th e  sed im en ts  were fr e q u e n t ly  a f f e c t e d  by lo w - le v e l  wave or 
c u r r e n t a c t i v i t y .  The p a u c ity  o f  v e r y  f i n e  carbonaceous and non- 
carbonaceous d e t r i t u s ,  in c lu d in g  s h a le  la y e r s ,  a l s o  su g g e s ts  
w innow ing by c u r r e n ts  o r  w aves. Where c o a r se -g r a in e d  non-carbona-  
ceo u s  d e t r i t a l  beds are  p r e s e n t ,  such  a s  in  u n it  K lc2 a lon g  th e  
Komati R iv er  and in  th e  Mendon F orm ation , c ro ss -b ed d in g  i s  w e l l -  
d ev e lo p ed . The w id esp read  e v id e n c e  o f  lo w - le v e l ,  n on -su rg ing  
c u r r e n t  a c t i v i t y ,  a s  w e l l  a s  th e  su g g e s t io n  o f  lo c a l  exposure and 
d e s ic c a t io n  (Lowe and Knauth, 1978; W o rre ll, 1985) argue fo r  
sh a llo w  w a ter  d e p o s it io n . The ex tre m e ly  lo o s e  packing o f  g r a in s  
in  m ost b la c k -a n d -w h ite  banded c h e r ts  argues fo r  e a r ly  s i l i c i f i -  
c a t io n  o f  th e  sed im en ts .
Massive black cherts
M a s s iv e  b la c k  c h e r t s  a r e  m ix tu r e s  o f  s im p le  carbonaceous  
g r a in s ,  l i t h i c  g r a in s ,  and l e s s  commonly, co m p o site  g r a in s . The 
la c k  o f  carbonaceous la m in a t io n s  s u g g e s ts  t h a t  th ey  d id  n o t  fcrm  
th r o u g h  t h e  b u i ld - u p  o f  m ic r o b ia l  m a ts . The p red o m in a n ce  o f  
s im p le  carbonaceous g r a in s  and l i t h i c  g r a in s  in  m a ssiv e  c h e r ts  a s
w e l l  a s  t h e  common a s s o c i a t i o n  o f  m a s s iv e  b la c k  c h e r t s  w ith  
v o l c a n i c l a s t i c  u n i t s  s u g g e s t  t h a t  m a s s iv e  b la c k  c h e r t s  a r e  
s t r i c t l y  d e t r i t a l  a ccu m u la tio n s . The r e l a t i v e  th in n e s s  o f  b la ck  
c h e r t  u n it s  compared t o  th e  th ic k  accu m u la tio n s o f  b la ck -a n d -  
w h ite  banded c h e r ts  in  th e  Kromberg in d ic a t e s  th a t  th e  
accu m u la tio n  o f  carbonaceous d e t r i t a l  sed im en t t o  form  m a ssiv e  
c h e r ts  was r e l a t i v e l y  s lo w  compared t o  th e  m at-dom inated  
fo r m a tio n s  o f  banded c h e r t  p recu rso r  sed im en ts  a n d /or  th a t  th e  
c o n d it io n s  fa v o r in g  n o n -m a t- lik e  accu m u la tion  were r e l a t i v e l y  
s h o r t - l iv e d .  The m a ssiv e  b lack  c h e r ts  in terb ed d ed  w ith  b la ck -a n d -  
w h ite  banded c h e r ts  probably  r e p r e se n t  f lo o d  o r  storm  d e p o s it s .  
M assive  la y e r s  o f  p a r t ic u la t e  carbonaceous d e t r i t u s  w ere observed  
on th e  s u r fa c e  o f  modern b a c t e r ia l  m ats in  Laguna F igueroa , Baja 
C a lifo r n ia  a f t e r  e x te n s iv e  f lo o d s  (M argu lis e t  a l . ,  1983; S t o lz ,  
1983). The m a ssiv e  b la ck  c h e r t  u n it s  in  th e  Mendon Form ation  
w hich  rea ch  s e v e r a l m eters  in  th ic k n e s s  and seem t o  la r g e  t o  be 
storm  d e p o s it s  and w hich have no a s s o c ia t io n  w ith  m a t- l ik e  
d e p o s i t s ,  probab ly  formed by th e  s lo w  accu m u la tion  o f  carbona­
ceo u s m a tter  s e t t l i n g  through th e  w ater column.
Laminated black cherts
D e sp ite  t h e ir  s im i l a r i t y  t o  m a ssiv e  b la ck  c h e r ts  in  l i t h o -  
l o g i c  a s s o c ia t io n  and abundance o f  l i t h i c  d e b r is ,  lam in ated  b lack  
c h e r ts  a r e  p e tr o g r a p h ic a l ly  and c h e m ic a lly  d i s t i n c t .  Most la m i­
n a ted  b la ck  c h e r t  c o n ta in s  c h lo r i t e  and s e r i c i t e ,  w hich probably  
o r ig in a te d  a s  v o lc a n ic  ash . S iz e  s o r t in g  o f  g r a in s  and f la t -a n d  
c r o s s - la m in a t io n s  in  some o f  th e  lam in ated  c h e r ts  w ith  a sand­
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s iz e d  l i t h i c  component in d ic a t e s  th a t  a t  l e a s t  some r e p r e se n t  
c u r r e n t-d e p o s ite d  d e b r is . The f in e r -g r a in e d  lam in a ted  c h e r ts  
w ith  a h igh  p ro p o rtio n  o f  m icaceou s p a r t i c l e s  w ere probably  
d e p o s ite d  by weak c u r r e n ts  o r  by su sp en sio n  sed im en ta tio n .
The predom inance o f  f la t t e n e d  p a r t i c l e s ,  w hich  em phasize th e  
sed im en ta ry  la m in a t io n s , s u g g e s ts  th a t  th e  sed im en ts  underwent 
c o n s id e r a b le  com paction  p r io r  t o  s i l i c i f i c a t i o n .
T e c to n ic  and E nvironm ental A s s o c ia t io n s  o f  th e  Carbonaceous D e p o s its
B la ck -a n d -w h ite  banded c h e r ts  a re  common in  th e  Hooggenoeg 
Form ation and make up o v er  90% o f  th e  carbonaceous c h e r ts  o f  th e  
Kromberg Form ation by v ir tu e  o f  th e  150 t o  350 m eter th ic k  Bucks 
R idge C hert on th e  w e s t  lim b  o f  th e  Onverwacht A n t ic l in e .  On th e  
e a s t  lim b  o f  th e  Onverwacht A n t ic l in e ,  th e  Bucks R idge c h e r t  i s  
re p r e se n te d  by th r e e  t h in  c h e r t  u n i t s ,  K ie l ,  K lc2, and K lc3 , 
sep a ra ted  by b a s a l t i c  v o lc a n ic  ro ck s . The lo w e s t ,  K ie l ,  i s  made 
up la r g e ly  o f  b la c k -a n d -w h ite  banded c h e r t  w ith  in te r la y e r e d  
carb on ate  bands. The m id d le  c h e r t  u n i t ,  K lc2 , i s  a l s o  composed 
m ain ly  o f  b la c k -a n d -w h ite  banded c h e r t  th a t  c o n ta in s  f l a t -  and 
c r o s s - la m in a te d  carb on ate  la y e r s .  K lc3 a l s o  c o n s i s t s  o f  b la c k -  
a n d -w h ite  banded c h e r t . M ost o f  i t s  prim ary fe a tu r e s  have been  
obscured  by l a t e r  m in e r a l iz a t io n ,  and i t  i s  th e  h o s t  fo r  g o ld  
m in e r a l iz a t io n , l o c a l l y  mined a t  th e  Sheba Gold Mine so u th  o f  th e  
Komati R iver .
M assive b la ck  c h e r t  i s  a su b ord in a te  c h e r t  ty p e  in  a l l  th r e e  
fo rm a tio n s  o f th e  upper Onverwacht Group, b u t i t  i s  more common
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in  th e  Hooggenoeg and Mendon Form ations than  in  th e  Kromberg 
Form ation. I t  i s  a s s o c ia t e d  w ith  lam inated  b la ck  c h e r t  and, l e s s  
commonly, b la c k -a n d -w h ite  banded c h e r t  in  v o lc a n ic la s t ic - d o m i-  
n ated  in t e r f lo w  c h e r t  u n it s  in  th e  Hooggenoeg Form ation. In th e  
Kromberg Form ation, la y e r s  o f  m assive  b la ck  c h e r t  0.5 t o  1 m eters  
th ic k  a r e  p r e se n t  a t  th e  b a se  o f  th e  b la ck  and w h ite  banded c h e r t  
o f  K l.
Lam inated b la ck  c h e r t  predom inates in  th e  upper c y c le s  o f  
th e  Mendon Form ation and in  th e  F ig  Tree Group in  th e  northern  
p a r t  o f  th e  g ree n sto n e  b e l t .  Layers o f  lam in a ted  b la ck  c h e r t  up 
t o  s e v e r a l  t e n s  o f  c e n t im e te r s  th ic k  occur w ith in  th ic k e r  la y e r s  
o f  m a ssiv e  b la ck  c h e r t  beds. The F ootb ridge C hert (K3c) o f  th e  
Kromberg Form ation (Lowe and B y er ly , in  prep .) i s  among th e  
t h ic k e s t  lam in ated  b la ck  c h e r t  u n it s .  In th e  upper c y c le s  o f  th e  
Mendon F orm ation, lam in ated  b la ck  c h e r t  la y e r s  up t o  13 m th ic k  
d ir e c t ly  o v e r l i e  s i l i c i f i e d  k o m a tiite  f lo w s .
The r e l a t i v e  abundances o f  carbonaceous p a r t i c l e  ty p e s  in  
d i f f e r e n t  c h e r t  u n it s  o f  th e  Sw aziland  Supergroup e x h ib i t  tren d s  
t h a t ,  when r e la te d  t o  t e c t o n ic  s e t t in g  and sed im en tary  en v ir o n ­
ment o f  th e  u n i t s ,  a l lo w  some c o n c lu s io n s  t o  be drawn about th e  
mode o f  accu m u lation  o f  th e  carbonaceous d e p o s it s .
The o v e r a l l  p ro p o r tio n s  o f  p a r t ic l e  ty p e s  i n  carbonaceous 
c h e r t s  th rou gh out th e  s t r a t ig r a p h ic  s e c t io n  are  shown in  F igure  
26. C om posite g r a in s  and m a t- l ik e  la m in a tio n s  a r e  common in  m ost 
u n it s  o f  th e  Hooggenoeg and low er Kromberg fo rm a tio n s . The abun­
dance o f  b o th , e s p e c ia l ly  co m p o site  g r a in s , i s  much lcw er  in  K3c 
and in  th e  Mendon F orm ations. W isps, on th e  o th er  hand, are
F ig u r e  26. C harts show ing s t r a t ig r a p h ic  d is t r ib u t io n  o f  
p e tro g ra p h ic  carbonaceous m a tter  ty p e  and l i t h i c  g r a in s .  
H o r izo n ta l a x e s  in d ic a t e  o v e r a l l  p erce n ta g e s  fo r  each  c h e r t  
u n i t .
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m inor com ponents o f  th e  carbonaceous c h e r ts  o f  th e  Hooggenoeg and 
lo w er  Kromberg, but a r e  abundant in  K3c and in  th e  upper c y c le s  
o f  th e  Mendon F orm ation . L i t h ic  g r a in  and s im p le  carbonaceous  
g r a in  abundances v a ry  by c h e r t  u n i t ,  but e x h ib i t  no u p se c t io n  
tr e n d s .
The ty p e  and co m p o sitio n  o f  carbonaceous d e p o s it s  shows a 
s tr o n g  dependence on en v iron m en ta l s e t t in g .  C herts o f  th e  Onver­
w acht Group r e p r e se n t  tw o m ajor d e p o s it io n a l f a c ie s :  p la tfo rm  and 
b a s in  (Lowe, in  r e v ie w ) . P la tfo rm  d e p o s it s ,  c h a r a c t e r i s t ic  o f  
th e  H ooggenoeg, Kromberg and low er  c y c le s  o f  th e  Mendon Forma­
t io n ,  w ere d e p o s ite d  under c o n d it io n s  ran g in g  from ex tre m e ly  
s h a llo w  w a ter  o r  s u b a e r ia l t o  q u ie t ,  s l i g h t l y  d eep er w ater . The 
upper c y c l e s  o f  th e  Mendon Form ation c o n s i s t  o f  f in e -g r a in e d  
b a s in  sed im en ts  d e p o s ite d  m ain ly  in  deep , q u ie t  w ater.
The c h a r a c te r  o f  th e  carbonaceous se d im e n ts , p a r t ic u la r ly  
th e  r e l a t i v e  p ro p o r tio n s  o f  m ic r o b ia l and d e t r i t a l  com ponents, 
can be e s t im a te d  by com paring th e  abundance o f  m a t - l ik e  lam ina­
t io n s  and co m p o site  p a r t i c l e s  t o  t h a t  o f  s im p le  carbonaceous  
g r a in s ,  w is p s , and l i t h i c  g r a in s  (F ig . 27 ). The upper Hooggenoeg 
c h e r t  H5c and th e  Kl c h e r t s ,  both  on th e  e a s t  and w e s t  lim b  o f  
th e  Onverwacht A n t ic l in e ,  show th e  m ost in f lu e n c e  by m ic r o b ia l  
a c t i v i t y .  Hooggenoeg u n i t s  such a s  H i, H3c and H6c  t h a t  are  
dom inated  by v o lc a n i c la s t i c  se d im e n ta tio n  c o n ta in  carbonaceous  
c h e r ts  t h a t  are  a lm o st e x c lu s iv e ly  o f  d e t r i t a l  o r ig in .  The 
c o n tr a s t  betw een  K3c on th e  e a s t  and w e s t  lim b s  o f  th e  a n t ic l in e  
i s  apparent in  th e  dom inance o f  l i t h i c s  and d e t r i t a l  g r a in s ,  
m ain ly  w is p s , in  th e  e a s t  and th e  p resen ce  o f  f in e  m a t- l ik e
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F ig u re  27. Ternary p lo t  i l l u s t r a t i n g  e x te n t  o f  m icr o b ia l 
in f lu e n c e  in  each  c h e r t  u n it .
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la m in a t io n s  and co m p o site  g r a in s  in  th e  w e s t  (F ig . 28). As d i s ­
cu sse d  by Lowe ( in  rev iew ) th e  c o n tr a s t  i s  probably due t o  a 
f a c i e s  change ea stw a rd  from sh a llo w  t o  deqper w ater  d e p o s it s .
The b a s in  d e p o s it s  o f  th e  upper Mendon Form ation (Lowe, in  
re v ie w ) a re  dom inated  by carbonaceous d e t r i t u s .
F ig  Tree sam p les from  th e  U lundi S y n c lin e  a re  p lo t t e d  a s  a 
group on th e  te r n a r y  d iagram s. C o lle c te d  from  v a r io u s  c h e r t  bars  
in  th e  n orth ern  M ountain Land, th e y  seem t o  re p r e se n t a m ix tu re  o f  
en v iron m en ts th a t  a re  m a in ly  dom inated by d e t r i t a l  sed im en ta tio n , 
a lth o u g h  some sam ples c o l le c t e d  from th e  v i c i n i t y  o f  th e  D a y lig h t  
M ine, a l o c a l i t y  d e sc r ib e d  by Schopf and Barghoorn (1967), con­
t a in  m a t - l ik e  la m in a t io n s .
A com parison  o f  th e  abundances o f  th e  th r e e  carbonaceous  
g r a in  ty p e s  i l l u s t r a t e s  th e  c o n tr a s t  in  e x te n t  o f  com paction  o f  
th e  c h e r t  u n i t s  (F ig . 2 9 ). The p la tfo rm  sed im en ts  o f  th e  H oogge- 
n eog , Kromberg and lo w er  Mendon fo r m a tio n s , dom inated by com­
p o s i t e  g r a in s  and s im p le  g r a in s , show l i t t l e  com paction . The 
carbonaceous c h e r t s  o f  th e  e a s te r n  f a c i e s  o f  'K3c, w hich are  
r e l a t i v e l y  d eep er-w a ter  d e p o s it s ,  th e  " basin a l d ep o s its"  o f  th e  
Mendon Form ation above M lc, and th e  F ig  Tree o f  th e  northern  
M ountain Land a re  dom inated by f l a t  w isp s .
The general scenario that emerges is that during deposition 
of most cherts in the Hooggenoeg, Kromberg, and lower cycles of 
the Mendon Formation, carbonaceous matter accumulated in shallow 
water both as detritus and as microbial mats. Microbially- 
constructed layers were built up during periods of low clastic 
influx in areas of overall weak but common wave and current
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F ig u re  28. Measured s t r a t ig r a p h ic  s e c t io n s  o f  K3c, s e c t io n  2 ,  
15 a re  on th e  w e s t  lim b  o f  th^ Onverwacht A n t ic l in e ,  s e c t io n  19 
i s  on th e  e a s t  lim b. To th e  r ig h t  o f  each  column i s  shown th e  
p a r t i c l e  ty p e s  p r e s e n t ,  i n  ord er o f  dominance l e f t  t o  r ig h t .
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F ig u re  29 . Ternary p lo t  i l l u s t r a t i n g  th e  e x te n t  o f  com paction  in  
each  c h e r t  u n it .
a c t i v i t y .  P er iod s o f  e x p lo s iv e  v o lca n ism  and a s s o c ia te d  d e p o s i­
t i o n  o f  p y r o c la s t ic  and v o lc a n i c la s t i c  m a te r ia l r e s t r i c t e d  grow th  
o f  m ic r o b ia l m ats and a r e  r e p re se n ted  by in terb ed d ed  s i l i c i f i e d  
tu f fa c e o u s  u n it s .  Carbonaceous m atter  accum ulated  a s  d e t r i t u s  in  
th e  form  o f  s im p le  g r a in s  m ixed w ith  v o lc a n i c la s t i c  g r a in s .  
Hooggenoeg and Lower Kromberg sed im en ts  w ere g e n e r a l ly  l i t h i f i e d  
soon  a f t e r  d e p o s it io n .
During d e p o s it io n  o f  some Kromberg se d im e n ts , d e t r i t a l  c a r ­
bonaceous m a tter  c o l l e c t e d  in  d eep er w ater. Mat accu m u lation s  
w ere r a r e  in  Mendon sed im en ts . Carbonaceous m a tter  was p reserved  
a lm o s t  e x c lu s iv e ly  a s  d e t r i t u s  m ixed w ith  l i t h i c  g r a in s  d e p o s ite d  
under e x tr e m e ly  lo w -en erg y  c o n d it io n s . During l a t e  Kromberg and 
Mendon t im e  carbonaceous sed im en ts  g e n e r a l ly  w ere com pacted  
b e fo r e  s i l i c i f i c a t i o n  occu rred .
Chemical C om position o f  th e  Carbonaceous C herts
Two s e le c t e d  s u i t e s  o f  carbonaceous c h e r ts  w ere an a lyzed  
both  t o  c h a r a c te r iz e  th e  g en era l range o f  th e  c o m p o sit io n s  o f  
S w azilan d  carbonaceous c h e r t s ,  w hich have g e n e r a l ly  n o t  been  
t r e a te d  in  d e t a i l  in  p rev io u s  g eo ch em ica l s t u d ie s  o f  S w aziland  
sed im en ta ry  rock s (Dungworth and Schw arz, 1974; Moore e t  a l . ,  
1974; R eim er and K roner, 1979), and t o  d eterm in e i f  d i f f e r e n t  
c h e r t  ty p e s  e x h ib i t  d i s t i n c t i v e  q eochem ica l s ig n a tu r e s .
G eneral ch em ica l c h a r a c t e r i s t ic s
S i l i c a  d om in ates a l l  sam ples o f  carbonaceous c h e r t  an a lyzed
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d uring  th e  p r e se n t  stu d y  (T able 3). FeO i s  th e  o n ly  o th e r  o x id e  
p r e se n t  a s  more than 1 w e ig h t % in  any sam ple and ran ges from  
from 0.46 t o  3.06 w e ig h t %. Dungworth and Schwarz (1974) ana­
ly z e d  a v a r ie t y  o f  S w azilan d  c h e r t s ,  in c lu d in g  some carbonaceous  
c h e r t s ,  and found very  h ig h  Ni and Cr c o n te n ts ,  ran g in g  from  1880 
t o  3110 ppm and argued t h a t  th e r e  was a c o r r r e la t io n  betw een  TOC 
and N i and Cr. Reimer and Kroner (1979) argued th a t  th e  h igh  
v a lu e s  w ere due t o  co n ta m in a tio n  during p rep a ra tio n  in  Ni-C r  
a l l o y  equipm ent. The Ni v a lu e s  o b ta in ed  during t h i s  stud y  are  in  
th e  same range a s  th o se  rep o r te d  by Reimer and Kroner (1979).
S u lfu r  shows th e  w id e s t  v a r ia t io n  , from 0 t o  9330 ppm. The 
h ig h e s t  S v a lu e  i s  from a p y r i t i c  lam in ated  b la ck  c h e r t  in  H5c, 
w hich  a l s o  has h ig h  Ni (233 ppm) and Zn (226 ppm), su g g e s t in g  
t h a t  th e  e lem en ts  are  co n cen tra ted  w ith in  th e  s u l f id e s .  The 
c o n c e n tr a tio n  o f  N i in  p y r i t e s  has been n oted  in  modern a n ox ic  
sed im en ts  in  th e  B lack  Sea (Volkov and Fomina, 1974).
There i s  no in d ic a t io n  th a t  tr a c e  e lem en ts  were p r e fe r e n ­
t i a l l y  co n cen tra ted  by carbonaceous m atter  in  th e  Onverwacht 
se d im e n ts , a s  has been rep o rted  in  both  modern sed im en ts  in  th e  
B lack  Sea (Volkov and Fomina, 1974) and a w id e  range o f  Phanero- 
z o ic  b la ck  s h a le s  (Vine and T o u r te lo t , 1967). TOC c o n te n t  d oes  
n o t  show a p o s i t iv e  c o r r e la t io n  w ith  any o th e r  e lem en ts . H olland  
(1979) has argued th a t  th e r e  i s  no e v id e n c e  from th e  rock  record  
t h a t  o r g a n ic  m a tter  s e l e c t i v e l y  c o n c e n tr a te s  t r a c e  e le m e n ts ,  
p o in t in g  o u t t h a t  th e  d a ta  o f  Vine and T o u r te lo t  (1967) show a l l  
o f  th e  m inor e lem en ts  co n cen tra ted  t o  th e  same d eg ree  r e l a t iv e  
t o  modern sea w a ter .
Table 3 Bulk ch em ica l co m p o sitio n  and g ra in  a s p e c t  r a t io s  
o f  carbonaceous c h e r ts .  E xcept w here in d ic a te d ,  
ch em ica l v a lu e s  are in  w e ig h t %.
BULK CHEMCAL COMPOSITION OFCARBONACEOUSCHERTS
SAMPLE MW 37-1 MW 37-5 MW 37-6 MW37-7a MW37-7b MW 41-2 MW 43-1 MW 45-3IMW 45-7
UNIT K1 K1 K1 K1 K1 M2 M K1c1 K1c1
MASSSIVE MASSIVE BANDED BANDED BANDED BANDED MASSIVE BANDED BANDED
SI02 98 .76 97.97 99.40 94.48 98.91 97.60 99.02 67.28 95.68
A1203 0.16 0.25 0.08 0.07 0.10 0.08 0.26 0.00 0.10
n o 0.49 1.02 0.56 3.54 0.81 1.03 0.49 1.08 3.96
lifeO 0.14 0.03 0.13 0.24 0.12 0.22 0.12 0.28 0.11
GO 0.02 0.02 0.00 0.02 0.01 0.02 0.02 0.44 0.01
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K20 0.03 0.08 0.03 0.01 0.04 0.03 0.06 0.03 0.04
7102 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01
P205 0.05 0.00 0.08 0.02 0.04 0.02 0.02 0.03 0.07
MtO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C Inorganic 0 .05 0.07 0.07 0.24 0.09 0.02 0.04 0.29 0.11
ICC 0.02 0.28 0.03 0.39 0.14 0.10 0.07 0.02 0.11
H 0.01 0.02 0.01 0.03 0.02 0.00 0.01 0.00 0.02
N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S (ppm) 104.57 61.12 0.00 94.45 11.17 623.18 63.53 1144.77 246.62
Zn (ppm) 0.00 4.40 2.02 3.09 2.83 2.21 1.11 5.64 4.75
Cu (ppm) 0.00 4.25 0.00 4.91 0.48 3.23 4.20 6.13 4.52
NI (ppm) 2.72 53.69 7.29 30.22 11.02 8.01 15.29 37.46 22.11
TOTAL 99.74 99.74 100.39 99.05 100.29 99.19 100.12 69.56 100.21
Aspect Ratio 0 .98 0.62 0.77 0.46 0.71 0.89 0.73 0.74 0.53
HTOC 0.50 0.07 0.33 0.08 0.14 0.00 0.14 0.00 0.18
SAMPLE MW 48-1 MW 48-5 MW 48-9 MW48-12 MW55-2b MW 55-3 MW 59-8 MW62-1aMW63-2b
UNIT H5c H5c H5c H5c H2 H2 H5c H5c H5c
MASSIVE BANDED SANDST. BANDED BANDED MASSIVE LAM. BANDED BANDED
SI02 98 .27 99.21 97.99 68.90 68.68 95.69 96.88 69.40 99.08
AI203 0.21 0.05 0.85 0.06 0.00 0.28 0.33 0.01 0.05
R eO 0 .87 0.69 0.63 0.50 0.60 1.52 2.00 0.46 1.01
0.15 0.17 0.18 0.01 0.17 0.24 0.15 0.02 0.13
GO 0.03 0.04 0.09 0.00 0.41 0.95 0.00 0.01 0.01
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K20 0.10 0.03 0.30 0.03 0.06 0.03 0.07 0.04 0.03
TI02 0.02 0.00 0.03 0.02 0.00 0.01 0.02 0.06 0.01
P205 0 .00 0.05 0.05 0.02 0.01 0.03 0.02 0.05 0.02
MrO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C Inorganic 0 .10 0.06 0.07 0.07 0.12 0.28 0.04 0.11 0.10
ICC 0.18 0.14 0.00 0.05 0.05 0.21 0.09 0.03 0.08
H 0.01 0 .00 0.02 0.00 0.00 0.02 0.02 0.00 0.01
N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 . 0 0
S (ppm) 4 00 .66 196.24 56.41 115.63 307.03 1645.45 9330.53 0.00 18.15
Zn (ppm) 366 .56 47 .06 13.26 13.07 12.74 100.20 226.46 3.38 2.68
Cu (ppm) 45 .67 6.12 14.33 17.29 11.01 29.78 20.02 1.66 7.38
NI (ppm) 44.31 34 .72 6.49 39.37 10.16 70.90 233.19 1.07 7.58
TOTAL 100.00 100.46 100.20 99.66 100.12 69.44 100.58 100.20 100.53
Aspect Ratio 0.81 0.80 0.62 0.65 0.73 0.90 0.62
Hnroc 0 .06 0.00 - 0.00 0.00 0.10 0.22 0.00 0.13
mTOC and carbon is o to p e s
E arly  in v e s t ig a t io n  o f  th e  o rg a n ic  ch em istry  o f  Sw azilan d  
rock s co n cen tra ted  on ch em ica l f o s s i l s  or b iom ark ers, in t a c t  
b io s y t h e t ic  m o lec u le s  (Nagy and Nagy, 1969; Kvenvolden e t  a l ,
1969; Brooks e t  a l ,  1973). Subsequent w orkers have argued th a t  
p reserv ed  e a r ly  Archean rock s have been so  a lt e r e d  th a t  d i s ­
t i n c t i v e l y  b io lo g ic a l  m o le c u le s  have been d estro y ed , and th a t  
e a r ly  r e p o r ts  r e f l e c t  th e  p resen ce  o f  con tam in an ts in  th e  rocks  
(McKirdy, 1974; Bada and Schroeder, 1975; Hayes e t  a l . ,  1983).
The m ost f r u i t f u l  approach t o  d e term in in g  th e  o r ig in  o f  carbona­
ceo u s  m a tter  in  Precam brian ro ck s i s  probably  through i s o t o p ic  
and e le m e n ta l a n a ly se s  o f  kerogen (McKirdy, 1974; S c h id lo w sk i,
1986; H ayes e t  a l . ,  19 8 3 ; S c h id lo w s k i  e t  a l . ,  1983;.
TOC c o n te n ts  o f  carbonaceous c h e r ts  in  th e  Sw aziland  Super­
group range from 0.10 t o  14.6 mg C/ g o f  rock  and 8 ^ C  from  
-1 6 .5  t o  -4 0 .8  o /o o  (Table 4 ). These v a lu e s  show th e  same range  
a s  th o s e  rep o rted  p r e v io u s ly  from th e  Sw aziland  Supergroup  
(O e h le r  e t  a l . ,  1972; M oore e t  a l . ,  1974; S c h id lo w s k i  e t  a l . ,
1983) and o th e r  e a r ly  Precam brian carbonaceous sed im en ts  
(Awramik, Schopf and W alter , 1983; S ch id lo w sk i e t  a l . ,  1983;
R ob ert, 1 9 8 8 ).
The e x te n t  o f  th erm al a l t e r a t io n  o f  th e  carbonaceous m a tter  
in  th e  c h e r ts  may be e s t im a te d  by th e  C/H r a t io s  o f  th e  kerogen  
(McKirdy and P o w e ll, 1974; Hayes e t  a l . ,  1983). A lthough H/C 
a n a ly s e s  fo r  e x tr a c te d  kerogen  w ere n o t done d u rin g  t h i s  s tu d y , 
th e  w h o le-ro ck  v a lu e s  fo r  H may be taken  t o  r e p r e se n t  th e  maximum
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T able 4. T o ta l o r g a n ic  carbon (m g/g), 8 C (o /o o , PDB) 
and a sp e c t  r a t io s  fo r  carbonaceous c h e r ts  (T 
8 C by J . M. Hayes, Indiana U n iv e r is i ty .
TOC (mg/g), 5 1 ^ (0 /0 0 , PDB) and Aspect Ratios
Sample M24-1 M24-2 M13-1 M36-54 S36-57 M52-10 M52-11a M 52-11bM 21-3 M21-4
Unit Th Th H3c H3c H3c H2 H2 H2 K1C3 K1c3
Type L . M . . L . B M
TOC 9.10 3.30 0.46 2.90 2.00 2.30 4.30 6.00 0.36 1.08
fi13c -31.2 -19.8 -38.5 -32.2 -31.7 -36.3 -28.4 -36.3 -32.6 -30.2
Asp. Ratio • • • • ■ 1.89 • • 1.18 1.37
Sample M11-2 M11-6 M12-1 M9-6 M19-5 Ml 9-6 S23-218 S23-219 S23-221 S23-223
Unit K1 K1 K1 K3c K3c K3c K3c K3c
Type M B B B L L L L . .
&
1.12 0.53 1.29 1.77 1.47 1.29 4.10 4.10 3.70 2.40
-31.9 -29.9 -33.1 -30.7 -27.5 -2 7 -25.8 -28.4 -24.7 -24.1
Asp. Ratio 1.19 1.30 1.25 1.32 1.75 2.22 7.14 '• • •
Sample S23-188 S23-195 S23-199 S23-204 M25-4 M25-6 M25-13 M25-15 M25-16 M29-3
Unit . , . M M M M M M3+
Type . . . • B M . L L M
14.60 1.38 6.90 2.30 0.46 1.32 1.90 1.85 3.38 0.63
-33.6 -34.5 -33.9 -27.7 -28.9 -32.1 -23.8 -26.9 -22.9 -28.8
Asp. Ratio • • • 1.11 1.33 7.69 10.00 2.13
Sample M29-4 M 141-10M 8-3 M8-7 M14-1 M26-1 M30-4 M32-1a M1-2 M4-6
Unit M3+ M Mic M1c M1c M2c M2c M2c M2c F.T
Type M M M L M m B L M
TOC, 0.28 1.20 0.65 2.21 1.40 0.38 0.72 1.26 1.21 0.81
» 13c
Asp. Ratio
-30.5
2.04
-35.8
2.22
-24.4
1.11
-32.5
2.94
-30.8
1.20
-32.4
1.16
-33.9
1.09
-22.4 -40.8
2.94
-33.6
Sample M5-2 M5-3 M6-7 M6-9 M7-3 M7-21 S59-16 S16-11 S102-12 S102-13
Unit F.T. F.T. M2c M2c M2c M2c . F.T. .
Type B B M L M M . .
TOC 0.15 0.48 1.91 4.33 1.02 2.94 2.10 1.00 2.30 0.94
813c
Asp. Ratio
-2 6 -30.3
1.28
-3 0
3.13
-3 0
3.57
-16.7 -32.4
3.70
-28.5 -32 -26.6 -25.5
ON
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H in  th e  k erogen . A ssum ing t h a t  a l l  o f  th e  H i s  i n  th e  kerogen , 
th e  H/C v a lu e s  fo r  k erogen  a re  lo w , from  0 t o  0.5 (T able 3). 
These v a lu e s  in d ic a t e  ex trem e th erm al m a tu r ity  (Hunt, 1979) and, 
l i k e  o th e r  v a lu e s  o b ta in e d  fo r  Sw azilan d  rock s (McKirdy, 1977; 
Haye e t  a l . ,  1983) a r e  c o n s is t e n t  w ith  th e  b la ck  c o lo r  o f  th e  
o r g a n ic  m a tter  (Hunt, 1979) and w idespread  e v id e n c e  fo r  r e g io n a l,  
lo w -g ra d e  m etasom atism  (McKirdy and Hahn, 1982).
The im p ortan ce o f  carbon is o to p e s  in  th e  stu d y  o f  e a r ly  l i f e  
stem s from  th e  f r a c t io n a t io n  o f  th e  s t a b le  carbon is o to p e s
* I  O
and AJC d u rin g  carbon f ix a t i o n  by organ ism s, m ain ly  th e  a s s im i la ­
t io n  o f  CO2 by p h o to sy n th e t ic  organ ism s, both  e u k a r y o tic  and 
p r o k a r y o tic . The carbon is o to p e  co m p o sitio n  o f  e x ta n t  cyanobac­
t e r i a  i s  b etw een  - 8  and -2 1  0 /0 0  and th a t  o f  p h o to sy n th e tic  
b a c te r ia  b etw een  -1 9  and -3 6  0 /0 0  (S c h id lo w sk i, 1982). However, 
b ecau se  o f  th e  p o s t -d e p o s it io n a l  e f f e c t s  o f  a l t e r a t io n  and m eta­
morphism (G alim ov, 1985; McKirdy and P o w e ll , 1974), th e  in t e r ­
p r e ta t io n  o f  th e  p r e s e n t  i s o t o p ic  v a lu e s  i s  p r o b le m a tic a l. 
However th e  v a lu e s  o b ta in ed  during t h i s  s tu d y , w hich  vary  betw een  
-1 6  and -4 0  0/ 0 0 , are  c o n s is t e n t  w ith  b io lo g ic a l  p rod u ction  o f  
th e  o r g a n ic  m a tte r , even  i f  p o s t -d e p o s it io n a l  e f f e c t s  are  c o n s i­
dered  (S c h id lo w sk i e t  a l . ,  1983; G alim ov, 1985; R obert, 1988),
An e a r ly  s tu d y  o f  carbon i s o t o p ic  v a r ia t io n s  in  Sw aziland  
rock s (O eh ler , e t  a l . , 1972) noted  anom alously  heavy carbon  
v a lu e s  in  th e  T h eesp ru it group and a t tr ib u te d  them t o  p r e - b io t i c  
carbon p ro d u ctio n . However, th e r e  a r e  no u p se c t io n  s h i f t s  in  
carbon i s o t o p e  v a lu e s  in  th e  sam ples an a lyzed  d uring  t h i s  stud y . 
One o f  th e  tw o  T h eesp ru it sam p les has a r e l a t i v e l y  heavy v a lu e
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(-1 9 .8  o /o o )  b u t from th e  second f a l l s  in  th e  same range a s  
sam ples h ig h er  in  th e  s e c t io n .  O ther w orkers (McKirdy and 
P o w e ll, 1974; Hayes e t  a l . ,  1983) a t t r ib u t e  heavy v a lu e s  in  
T h eesp ru it sam ples t o  metamorphism. Our o b se r v a tio n s  support  
t h i s  v ie w . T h eesp ru it sam p les exam ined d u rin g  t h i s  stu d y  c o n ta in  
g r a p h ite , ob served  by SEM (F ig . 23b), and are  e x t e n s iv e ly  r e c r y s ­
t a l l i z e d ,  u n lik e  sam p les from th e  upper Onverwacht Group.
V a r ia t io n s  in  co m p o sitio n  among c h e r t  ty p e s
B la c k -a n d -w h ite  banded c h e r ts  and m a ssiv e  b la ck  c h e r ts  have  
s i g n i f i c a n t l y  d i f f e r e n t  AI2O3 and K2O c o n te n ts . In both  m a ssiv e  
and banded c h e r ts  th e r e  i s  a p o s i t iv e  c o r r e la t io n  betw een  K2O and 
AI2O3 (F ig . 30). Duchac and Hanor (1987) found a s im ila r  
r e la t io n  b etw een  K20 and A1203 in  a l t e r e d  u ltr a m a fic  r o c k s , and 
n oted  th a t  i t  su g g e ste d  t h a t  th e  Al and K w ere in  m icas. The l i n e  
fo r  id e a l  m u sc o v ite  shown in  F igu re  30 s u g g e s ts  th a t  t h i s  i s  tr u e  
i n  th e  carbonaceous c h e r ts  a s  w e l l .
Lam inated b la ck  c h e r ts  a re  d i s t i n c t i v e  w ith  r e s p e c t  t o  8*^C,
TOC, and carbonaceous m a tter  a s p e c t  r a t io s .  Lam inated carbona­
ceou s c h e r t s  have h e a v ie r  8^ C  s ig n a tu r e s  th a n  m a ssiv e  and banded 
c h e r t s .  A n a ly s is  o f  v a r ia n c e  in d ic a t e s  t h a t  lam in ated  b lack  
c h e r t s  have s i g n i f i c a n t l y  h ig h er  TOC v a lu e s  th an  both  th e  m a ssiv e  
b la ck  and th e  b la c k -a n d -w h ite  banded c h e r t s ,  and, compared w ith  
th e  b la c k -a n d -w h ite  banded c h e r t s ,  th e  lam in a ted  b la ck  c h e r ts  
have s i g n i f i c a n t l y  lo w er  g r a in  a s p e c t  r a t io s .  The average  v a lu e s  
fo r  each  c h e r t  ty p e  a re  g iv e n  in  T able 5.
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F ig u re  30. O xide v a r ia t io n  diagram  show ing d if f e r e n c e s  among ch er t  
ty p e s . L in e shows s lo p e  fo r  id e a l  m u sc o v ite , KAl2 ( A lS i3O1 0 )(OH)2 .
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1 ^TABLE 5. A verage TOC, 8 C, and carbonaceous g ra in  a s p e c t  r a t io s  
fo r  th e  th r e e  ty p e s  o f  carbonaceous c h e r t . A s te r is k  in d ic a te s  
s t a t i s t i c a l l y  s ig n i f i c a n t  d if f e r e n c e  from o th er  ty p es .
TYPE . 8 13C TOC (mgC/g rock) ASPECT RATIO
Banded - 3 1 .8  0 .7 2  0 .85
M assive - 3 2 .1  1 .11  0 .6 5
Laminated -2 7 .6 * 3 .22* 0.32*
C om position a s  an in d ic a to r  o f  com paction
The c o m p o s it io n a l d i f f e r e n c e s  betw een  c h e r t  ty p es  may be due 
in  p a r t  t o  p r e - s i l i c i f i c a t i o n  com paction . There are  vary in g  
d eg ree s  o f  com paction  e v id e n t  in  th e  carbonaceous c h e r t s ,  ran gin g  
from th o se  dom inated by w isp s  in  w hich carbonaceous p a r t i c l e s  
have been e x t e n s iv e ly  f la t t e n e d  p a r a l l e l  t o  bedding t o  th o se  in  
w hich eq u id im en sio n a l co m p o site  g r a n u le s  seem suspended in  a 
m a tr ix  o f  m ic r o c r y s ta l l in e  q u a rtz .
There i s  a p o s i t i v e  c o r r e la t io n  betw een  g r a in  a sp e c t  r a t io ,  
a m easure o f  th e  d egree  o f  p r e - l i t h i f i c a t i o n  com p action , and TOC: 
th e  f l a t t e r  th e  carbonaceous g r a in s ,  th e  h ig h er  th e  m easured TOC 
c o n ten t (F ig . 31). T h is  r e la t io n s h ip  s u g g e s ts  th a t  th e  TOC 
c o n te n t o f  th e  c h e r ts  i s  a fu n c t io n  n o t o n ly  o f  th e  o r ig in a l  
carbon c o n ten t o f  th e  sed im en ts  and p o s t -d e p o s it io n a l  carbon  
l o s s e s ,  but a l s o  on th e  amount o f  p r e - s i l i c i f i c a t i o n  sed im en t  
com paction . In -gen era l, b la ck  and w h ite  banded c h e r ts  a re  th e  
l e a s t  com pacted and la m in a ted  b la ck  c h e r ts  a r e  th e  most 
com pacted.
The m a ssiv e  b la ck  c h e r ts  show a p o s i t iv e  r e la t io n  betw een  
g r a in  a s p e c t  r a t i o  and A l20 3 (F ig . 3 2 ) , su g g e s t in g  t h a t  in  t h i s  
c h e r t  group, Al was a l s o  co n cen tra ted  by com paction . The carbon­
aceou s c h e r ts  a s  a group, how ever, show no s im ila r  tren d , in d i ­
c a t in g  th a t  d if f e r e n c e s  in  A1 20 3 betw een  m a ssiv e  and b la ck -a n d -  
w h ite  banded c h e r ts  r e f l e c t  o r ig in a l  ch em ica l d if f e r e n c e s  ra th er  
than  com paction  e f f e c t s .
F ig u re  31. R e la t io n s h ip  b etw een  a s p e c t  r a t io s  o f  carbonaceous  
g r a in s  and TOC v a lu e s  in  c h e r ts  o f  th e  Sw azilan d  Supergroup.
4.5 -I
4 -
3.5-
DO 3 -
DO
E 2.5-
U 2 -
o
H 1.5-
1 -
.5-
0 -
□  Banded 
•  Laminated 
x  Massive
□
P\
□ _  
□ q O
0
—r -
.25
T -
.5
X
X
— I—
.75
t  1 r ~
1 1.25 1.5
—r~
1.75
Aspect Ratio (In)
T--------- 1---------
2 2.25 2.5
K)
F igu re  32. R e la t io n sh ip  betw een  carbonaceous g r a in  a s p e c t  r a t io  
and AI2O3 c o n te n t o f  m a ssiv e  b la ck  c h e r ts .
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Discussion
The r e s u l t s  o f  t h i s  stu d y  p rov id e a b a s is  fo r  exam in ation  o f  
carbonaceous c h e r ts  in  o th e r  Archean te r r a n e s  by a llo w in g  some 
p r e d ic t io n  o f  th e  p e tro g ra p h ic  and ch em ica l c h a r a c t e r i s t ic s  o f  
th e  c h e r ts  based  on o u tcro p  c h a r a c t e r i s t i c s .  B la ck -a n d -w h ite  
banded c h e r ts  are  g e n e r a l ly  w e ll-p r e se r v e d , e x t e n s iv e ly  s i l i c i -  
f i e d  accu m u la tio n s o f  la m in a tio n s  o f  carbonaceous m a tte r , in t e r ­
p r e ted  t o  b e th e  rem ain s o f  m ic r o b ia l m ats, in terb ed d ed  w ith  
la y e r s  o f  s im p le  o r  c o m p o s ite  carbonaceous g r a in s . They are  th e  
m ost p rom isin g  t a r g e t s  in  th e  search  fo r  p reserv ed  m ic r o f o s s i l s .  
M assive b la ck  c h e r ts  c o n ta in  a la r g e  p ro p o rtio n  o f  l i t h i c  g r a in s  
a s  w e l l  a s  carbonaceous d e t r i t u s ,  but la c k  m a t - l ik e  la m in a tio n s .  
Lam inated b la ck  c h e r ts  a re  a ls o  d e t r i t a l  accu m u lation  o f  both  
l i t h i c  and carbonaceous m a tte r , but are  commonly f in e r -g r a in e d  
and more com pacted th an  m a ssiv e  b la ck  c h e r ts  and su b seq u en tly  
have h ig h er  TOC v a lu e s  th an  th e  o th e r  c h e r t  ty p e s .
Sed im entary environm ent and t e c t o n ic  s e t t in g  s tr o n g ly  
in f lu e n c e d  th e  d e p o s it io n  o f  th e  carbonaceous sed im en ts  in  th e  
S w azilan d  Supergroup. Sed im ents dom inated by m ic r o b ia l m at- 
b u ild in g  w ere d e p o s ite d  in  sh a llo w  w ater when c l a s t i c  in p u t was 
l im it e d .  D e t r it a l  carbonaceous m a tter  dom inated sh a llo w -w a te r  
p la tfo r m  sed im en ts  d u rin g  e p iso d e s  o f  v o lc a n i c la s t i c  in p u t.
B asin  d e p o s it s  a re  made up a lm o st e x c lu s iv e ly  o f  carbonaceous  
d e t r i t u s ,  much o f  i t  com pacted.
Most b la c k -a n d -w h ite  banded c h e r ts  w ere s i l i c i f i e d  b e fo r e  
any sed im en t com paction . The e v id e n c e  fo r  e x tr e m e ly  e a r ly  s i l i -  
c i f i c a t i o n  o f  sed im en ts  must be co n sid ered  in  d is c u s s io n s  o f
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m ethods o f  s i l i c i f i c a t i o n  o f  th e  Sw azilan d  rock s (De W it, e t  a l . ,
1982; P a r is  e t  a l . ,  1985; Lowe and B y er ly , 1986; Duchac and 
Hanor, 1987), p a r t ic u la r ly  th o se  m odels th a t  in vok e su b su rfa ce  
s i l i c i f i c a t i o n  by hydrotherm al f lu id s .
TOC in  carbonaceous c h e r ts  i s  a fu n c tio n  both  o f  prim ary  
carbon c o n ten t and th e  amount o f  p r e - l i t h i f i c a t i o n  sed im en t com­
p a c t io n . T h is m ust b e tak en  in t o  accou n t in  e x tr a p o la t io n s  u s in g  
TOC in  sed im en ts  t o  c a lc u la t e  th e  e x te n t  o f  prim ary p r o d u c t iv ity  
d u rin g  th e  Precam brian (e .g . G a rre ls  and P erry , 1974; Reimer e t  
a l . ,  1979). The extrem e com paction  ex p er ien ced  by s h a le s  b e s t  
e x p la in s  th e  h ig h  TOC v a lu e s  fo r  Precam brian s h a le s  r e l a t iv e  to  
o th e r  Precam brian sed im en tary  rock s n o ted  by Hayes e t  a l .  (1983).
A lthough carbon i s o t o p ic  v a lu e s  o f  th e  rock s a re  c o n s is t e n t  
w ith  b io lo g i c a l  p ro d u ctio n  o f  th e  o rg a n ic  m a tter , H/C r a t io s  
in d ic a t e  t h a t  c o n s id e r a b le  a l t e r a t io n  o f  th e  o rg a n ic  m a tter  has 
occu rred . The v a r ia t io n  in  carbon is o t o p e  v a lu e s  due to  
d i f f e r i n g  e x te n t  o f  a l t e r a t io n  m ust b e  screen ed  o u t b e fo r e  
d e t a i l e d  in t e r p r e t ic n s  o f  carbon is o to p e  data  and t h e ir  b io lo g ic a l  
im p lic a t io n s  can b e  made. A method fo r  do ing  s o  has been  
su g g e ste d  by R obert (1988) who d em onstrated  th a t  v a lu e s  o f  
c h e r t ,  w hich  d e c r e a se  w ith  in c r e a s in g  e x te n t  o f  a l t e r a t io n ,  can  
b e  u sed  t o  a s s e s s  th e  p r e se r v a t io n  o f  prim ary i s o t o p ic  
c o m p o s it io n s .
CONCLUSIONS
The w e ll-p r e se r v e d  carbonaceous c h e r ts  o f  th e  3,200 t o  3.500  
M a-old S w azilan d  Supergroup o f  th e  Barberton G reenstone B e l t ,  
South A fr ic a  c o n ta in  f o s s i l s  th a t  are  among th e  E arth 's o ld e s t .  
The e x c e l l e n t  p r e se r v a t io n  o f  d e p o s it s  c o n ta in in g  carbonaceous  
m a tter  a l s o  p ro v id es  an o p p o rtu n ity  t o  stu d y  th e  modes o f  form a­
t io n  and accu m u lation  o f  o r g a n ic  m atter  d uring  th e  e a r ly  Archean. 
The carbonaceous c h e r ts  p ro v id e  in fo rm a tio n  about th e  nature and 
p r e v a le n c e  o f  b io lo g ic a l  a c t i v i t y  and th e  h a b ita t s  o f  e a r ly  
o rg a n ism s, a s  w e l l  a s  e v id e n c e  r e la t in g  t o  th e  s i l i c i f i c a t i o n  o f  
th e  se d im e n ts .
The c o n c lu s io n s  o f  t h i s  stu d y  a r e :
1. Of th e  v a r ie t y  o f  f o s s i l - l i k e  m ic r o s tr u c tu r e s  p r e se n t  in  
carbonaceous c h e r ts  from  th e  e a r ly  Archean Sw azilan d  Supergroup, 
th e  m ost p rob ab le  b io g e n ic  s tr u c tu r e s  are  f ila m e n to u s  m icro­
f o s s i l s  a s s o c ia te d  w ith  la y e r s  o f  f in e ,  wavy carbonaceous la m i­
n a t io n s  in  b la c k -a n d -w h ite  banded c h e r ts  o f  th e  Hooggenoeg and 
Kromberg F orm ations. The m orp h olog ies o f  th e  f o s s i l s ,  a s  w e l l  as  
th e  t e x tu r e  o f  th e  encom passing la m in a tio n s  su g g e s t  an a f f i n i t y  
t o  m odem  m ic r o b ia l m a t-d w e llin g  cy a n o b a cter ia  or b a c te r ia .
2. The v a r io u s  sp h e ro id a l and e l l i p s o i d a l  s t r u c tu r e s  in  c h e r ts  
o f  th e  Hooggenoeg and Kromberg Form ations are  co n sid ered  o n ly  
p o s s ib l e  m ic r o f o s s i l s  b eca u se  o f  t h e ir  s im p le  sh apes.
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3. The p resen ce  o f  th ic k -w a lle d  e l l i p s o i d s  resem b lin g  r e s t in g  
sp o r e s  o f  cy a n o b a cter ia  i s  c o n s is t e n t  w ith  in fe r e n c e s  th a t  th a t  
cy a n o b a c ter ia  were e s t a b l is h e d  by th e  e a r ly  Archean, and, i f  
a k in e te s ,  would e x p la in  how c y a n o b a c ter ia  m igh t have su rv iv ed  in  
th e  u n s ta b le  s u r fa c e  c o n d it io n s  on th e  e a r ly  Earth. They would  
a l s o  s u g g e s t  th e  e x i s t e n c e  o f  oxygen-producing p h o to s y th e s is ,  
w hich i s  su g g e ste d  by th e  m ic r o b ia l m a t- l ik e  la y e r s  b u t n o t  
f ir m ly  dem onstrated  b ecau se  o f  th e  p o s s i b i l i t y  th a t  th e  m at- 
in h a b it in g  organ ism s w ere n on -oxygen ic  p h o to tro p h ic  b a c te r ia .
4 . The m ost p rom isin g  t a r g e t s  in  th e  sea rch  fo r  p reserved  m icro­
f o s s i l s ,  b la c k -a n d -w h ite  banded c h e r t s ,  are  g e n e r a lly  w e l l -  
p reserv e d , e x t e n s iv e ly  s i l i c i f i e d  accu m u la tio n s o f  f in e  carbona­
ceo u s la m in a t io n s , in te r p r e te d  a s  rem ains o f  m ic r o b ia l m ats, 
in terb ed d ed  w ith  la y e r s  o f  s im p le  o r  co m p o site  carbonaceous  
g r a in s . They form ed d u rin g  p e r io d s  o f  low c l a s t i c  in f lu x  in  
a r e a s  o f  o v e r a l l  weak b u t cannon  wave and cu rren t a c t iv i t y .
5. M assive b la ck  and lam in ated  b la ck  c h e r ts  are  a lm o st  
e x c lu s iv e ly  d e t r i t a l  a ccu m u la tio n s. They c o n ta in  a la r g e  propor­
t io n  o f  l i t h i c  g r a in s  a s  w e l l  a s  carbonaceous d e t r i t u s ,  b u t la c k  
m a t- lik e  la m in a t io n s .
7. The a s p e c t  r a t io s  o f  carbonaceous g r a in s  su g g e st  th a t  th e  
p recu rso r  sed im en ts  o f  th e  v a r io u s  c h e r t  ty p e s  w ere s i l i c i f i e d  
a t  d i f f e r e n t  t im e s  r e l a t i v e  t o  com paction . B lack -an d -w h ite  
banded c h e r ts  and to  a l e s s e r  e x te n t  m a ssiv e  b la ck  c h e r ts  were
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s i l i c i f i e d  b e fo r e  sed im en t com paction . Laminated b lack  c h e r ts  
a r e  more com pacted than  th e  o th e r  ch e r t ty p e s .
8. The r e la t io n  betw een  g r a in  shape and TOC in d ic a te s  th a t  
TOC in  carbonaceous c h e r ts  i s  a fu n c tio n  both  o f  prim ary carbon  
c o n te n t  and th e  amount o f  p r e - l i t h i f i c a t i o n  sed im en t com paction .
9. H/C r a t io s  s u g g e s t  th a t  th e  carbonaceous m atter  has been  
e x t e n s iv e ly  a lt e r e d  by h e a t in g .
10 . Carbon is o to p e  v a lu e s  in d ic a te  th a t  a l l  o f  th e  carbonaceous 
m a tte r  i s  l i k e l y  t o  be o f  b io lo g ic a l  o r ig in .
11. The r e l a t i v e  abundance o f  p reserv ed  in  s i t u  m ic r o b ia l accumu­
la t io n s  and d e t r i t a l  accu m u la tio n s o f  carbonaceous m atter  are  
r e la t e d  t o  t e c t o n ic  and sed im en tary  environm ent.
During d e p o s it io n  o f  m ost c h e r ts  in  th e  Hooggenoeg Forma­
t io n ,  Kromberg F orm ation , and low er  c y c le s  o f  th e  Mendon Forma­
t i o n ,  carbonaceous m a tter  accum ulated  in  sh a llo w  w ater  both  as  
d e t r i t u s  and a s  m ic r o b ia l m ats s i l i c i f i e d  soon a f t e r  d e p o s it io n .  
D uring p e r io d s  o f  e x p lo s iv e  v o lc a n ism , carbonaceous m atter  
accu m u lated  a s  d e t r i t u s  in  th e  form o f  s im p le  g r a in s  mixed w ith  
v o l c a n i c l a s t i c  p a r t i c l e s .  During d e p o s it io n  o f  some Kromberg 
se d im e n ts , d e t r i t a l  carbonaceous m atter  m ixed w ith  f in e  v o lc a n ic  
ash  c o l l e c t e d  in  d eep er w ater .
Mendon sed im en ts  r e p r e se n t  both sh a llo w  and deep w ater  
d e p o s it io n ,  w ith  both  p la tfo r m a l and b a s in a l sed im en ts  p reserved .
Mat accu m u la tio n s w ere ra re . Carbonaceous m a tter  was p reserved  
a lm o st e x c lu s iv e ly  a s  d e t r i t u s  m ixed w ith  l i t h i c  g r a in s  d e p o s ite d  
under e x tr e m e ly  lo w -en erg y  c o n d it io n s . During la t e  Kromberg and 
Mendon t im e  carbonaceous sed im en ts  g e n e r a l ly  w ere com pacted  
b e fo r e  s i l i c i f i c a t i o n  occu rred .
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APPENDIX I: CATALOG OF MICROFOSSILS
H ollow  c y l in d r ic a l  f i la m e n ts  (F igure 7c; 8a , b)
D e sc r ip tio n :  Tubular f i la m e n ts  1.4 t o  1.2 m icrons i n  d ia m eter ,  
10-150  m icrcn s i n  le n g th . Most n o n -se p ta te , w ith  a few  e x h ib it in g  
s l i g h t  c o n s t r ic t io n s  a t  in t e r v a l s  o f  a p p rox im ate ly  1 m icron s, or  
breakage o f  in t e r v a l s  o f  s e v e r a l m icrons. L ocation  C (K lc2).
F ilam en tou s sh ea th  w ith  tr ich o m es (F igure 7d, e )
D e sc r ip t io n :  S in g le  specim en ap p rox im ately  5 m icrons w ide and 85 
m icrons lo n g , i t  appears t o  be made up o f  a carbonaceous f i lm  
w ith  a few  p y r i t e  c r y s t a l s  spaced  w id e ly  a lo n g  i t s  le n g th . Two 
tr ic h o m e s  ap p rox im ately  2 m icrons in  d ia m eter  ex ten d  from a 
, s l i g h t l y  f la r e d  op en in g  a t  cne end o f  th e  sh ea th . L ocation  A 
(K l) .
Remarks: T his i s  th e  o n ly  rep o rt from e a r ly  Archean rock s o f
p o s s ib le  tr ich o m es and a s s o c ia te d  sh ea th . The w a l ls  o f  both  are  
f a i n t  and d isc o n tin u o u s  s o  th a t  th e  s tr u c tu r e  i s  d i f f i c u l t  t o  
d is c r im in a te .
T h rea d lik e  f i la m e n ts  (F igure 7 a , b; 8 a , b , c)
D e s c r ip t io n :  T h in , s o l i d  n o n -se p ta te  f i la m e n ts  w ith  c r o s s -  
s e c t io n a l  d ia m eter s  ran gin g  from l e s s  th an  0.2  t o  2.5 m icrons  
and le n g th s  up t o  200 m icrons. W alls composed o f  carbonaceous 
m a tter  and f in e  p y r i t e  g r a in s . Some f i la m e n ts  e x h ib i t  branch ing. 
L o c a t io n s  b (H 5c), C (K lc 2 ) .
Remarks: These s im p le  s t r u c tu r e s  may r e p r e se n t  more than one taxa  
o f  f ila m e n to u s  b a c te r ia  or  cy a n o b a c ter ia . Commonly th e  f i la m e n ts  
occu r in  bunches, r a d ia t in g  outward from a carbonaceous gra in . 
S im ila r  form s have been d escr ib ed  from th e  Warrawoona Group o f  
W estern A u s tr a l ia  (Awramik, Schopf and W alter , 1983). The 
branching ob served  in  some f i la m e n ts  may b e an a r t i f a c t  r e la te d  
t o  m ig ra tio n  o f  o rg a n ic  m a tter  a lo n g  m ic r o fr a c tu r e s  in  th e  c h e r t ,  
a lth ou gh  branching has been rep o rted  in  th e  2 b .y. o ld  G u n flin t  
Form ation (Awramik and Barghoorn, 1977).
G ra n u lar-w a lled  sp h ero id s  and e l l i p s o i d s  (F igure 9 a ,b) 
D e sc r ip tio n :  Large h o llo w  sp h e ro id s  and e l l i p s o i d s .  Lengths 10-84  
m icrons (mean 31; s td . dev. 15; 41 in d iv id u a ls  m easured). Widths 
10-60  m icrons (mean 24; s td . dev. 11). L en gth /w id th  r a t io s  from  
1 -  2 .1  (mean 1 .3 ;  s t d .  d e v . .2 3 9 ) .  B la c k  g r a n u la r  w a l l s  made up 
o f  carbonaceous m a tter  and p y r it e .  In  ra re  c a s e s ,  s t r u c tu r e s  are  
p a ir e d .  L o c a t io n  A (K l)-
S p in d le -sh a p ed  s tr u c tu r e s  (F igure 10a, b , c ,  f )
D e sc r ip t io n :  S p in d le-sh ap ed  s tr u c tu r e s  co n ta in in g  a h o llow  
sp h e ro id a l t o  e l l i p s o i d a l  c e n te r  and a diaphanous fu s ifo r m  
c o a t in g . Length o f  th e  o u ter  en v e lo p e s  from 13-135  m icrons  
(mean 48; s td . dev . 25; 27 in d iv id u a ls  m easured). H ollow c e n te r s  
n ot a lw a y s p r e se n t  o r  v i s i b l e  In some c a s e s ,  th e r e  a re  tw o h o llow  
s tr u c tu r e s  w ith in  one en v e lo p e . H ollow  c o r e s  4 .5 -61  m icrons w ide  
(mean 14; s t d .  d ev . 1 1 ) ,  9 -9 7  m ic r o n s  lo n g  (mean 26; s t d .  d ev . 
2 1 ), Specim ens m easured from L o ca tion  A (K l); p o s s ib le  p o o r ly -
preserved examples at Location B (H5c).
L e n t ic u la r  s tr u c tu r e s  (F igure lOd, e)
D e sc r ip tio n :  F usiform  s tr u c tu r e s  w ith  gran u lar  t o  opague w a lls .  
Lengths from 30 t o  50 m icro n s, w id th  10-20  m icron s. Some are  
a tta c h e d  a lo n g  lon g  ed g es . L ocation  C (K ie l) .
Remarks: The shape o f  th e s e  s tr u c tu r e s  and t h e ir  a s s o c ia t io n  w ith  
sed im en ts  show ing d e s ic c a t io n  fe a tu r e s  s u g g e s ts  th a t  th ey  may be 
c r y t a l s  g h o s ts  o f  l e n t i c u la r  gypsum.
T h in -w a lled  sp h e ro id s  (F igure 9 c , d)
D e sc r ip t io n :  Spheroids w ith  d ia m eter s  4 .5 -1 2 .8  m icrons (mean 7.3; 
s td .  dev . 1.7; 75 in d iv id u a ls  m easured). R e t ic u la te  w a lls  l e s s  
than  0.5 m icrons th ic k . Spheroids occu r  b oth  in d iv id u a l ly  and in  
c h a in s  or c lu s t e r s .  L oca tion  C (K ie l) .
T h in -w a lle d  sp h ero id s  w ith  in c lu s io n s  (F igure 12 a,b)
D e sc r ip t io n :  S p hero id s 45 -68  m icrons in  d ia m eter  (4 in d iv id u a ls  
n o ted ). One t o  th r e e  c o n c e n tr ic  la y e r s  surrounding dark c e n tr a l  
in c lu s io n .  Thin w a l ls  l e s s  than 1 m icron in  d ia m eter  have in  some 
c a s e s  an ir r e g u la r  c o a t in g  o f  carbonaceous m a tter . L ocation  A 
(K l) ,  l o c a t i o n  a (H 5c).
Remarks: T hese s tr u c tu r e s  resem b le  A rchaeosphaeroides  
b a r b e r to n e n s is  (Schopf and Barghoorn, 1967) but a r e  n e a r ly  tw ic e  
a s  la r g e . The s c a r c i t y  o f  sp ecim en s makes e v a lu a t io n s  d i f f i c u l t .  
T h eir  a s s o c ia t io n  w ith  la y e r s  o f  p r e c ip ita t e d  s i l i c a  g e l  su g g e s ts  
th a t  th e s e  s t r u c tu r e s  form ed in  a s im i la r  way.
T h ick -w a lle d  e l l i p s o i d s  (F igure 11)
D e s c r ip t io n :  E l l ip s o id a l  18-45  m icrcn s w id e , 47-78  m icrons lon g . 
Lannate w a l ls  2 -15  m icron s th ic k  t h a t  in  some c a s e s  appear 
la y e red . C on cen tra tio n s o f  dark carbonaceous m atter p r e se n t  in  
some in d iv id u a ls .  One in d iv id u a l  h as an a p ertu re  w ith  f a in t ,  
amorphous carbonaceous m a tter  ex ten d in g  from i t .
Remarks: The th ic k  w a l l s  and th e  p resen ce  o f  th e  open ing i n  one 
o f  th e  s tr u c tu r e s  su g g e s t  th a t  th e  s tr u c tu r e s  may be a k in e te s  or 
r e s t in g  sp o res  o f  cy a n o b a c ter ia .
APPENDIX II: LOCATIONS OF SAMPLES COLLECTED AND SECTIONS MEASURED
Unless otherwise indicated, locations hold for all samples 
beginning with MW and the given number followed by a hyphen.
Loc. L a t. and Long. U n it Loc .L a t. and Long. U n it
1 . 25°54 48" S M2c 15 . 25°55 '08" S K3c (West)
30°55 33" E 30°58 '44" E
2 . 25°55 02" S K3c (West) 17 . 25°55 '34" S Kl
30°54 41" E 30°58 '33" E
4 . 25°53 38" S (1 -3 ) F ig  Tree 19. 26°02 ' 12" S K 3c(E ast)
31°04 06" E 30°59 '58" E
25°53 42" S (4 -6 )
31°04 06" E 2 0 . 26°01 '29" S K iel
30°59 '18" E
5 . 25°54 0 1" S F ig Tree
31°03 58" E 2 1 . 26°02 ' 12" S Klc3
30°59 '04" E
6 . 25°54 48" S Mlc
30°55 51" E 2 2 . 26°02 '35" S H6c
30°56 '43" E
7 . 25°54 24" S Mlc
30°55 26" E 2 3 . 26°01 '42" S Klc2
30°59'26"  E
8 . 25°54 35" S Mlc
30°55 28" E 24. 25°59'16"
30°50'02"
S
E
T h eesp ru it
9 . 25°55 10" S K3c (West)
30°55 30" E 25. 25°42'56"
31°06'59"
S
E
( l ) F ig  Tree
1 0 . 25°54 18" S Mlc 25°42'48" S (2 , 3 , 4 , 6 )
30°54 0 0" E 31°06'56"  
2 5 °4 2 '31"
E
S (5)
1 1 . 25°55 53" S Kl 31°06'56" E
30°55 30" E 25°44'07"
31°05'52"
S
E
(7)
1 2 . 25°56 05" S Kl 25°42'43" S ( 8 )
30°57 54" E 31°09'50"
25°42'50"
E
S (9 -1 3 )
1 3 . 25°56 58" S H3c 31°17'52" E
30°57 43" E ( 1 , 2 ) 25°44'20" S (1 4 ,1 5 ,1 6 )
25°56 33" S H4c 31°16'48" E
30°57 22" E (3)
25°56 2 2 " S 26 . 25°54'03" S M2c
30°57 2 1 " E ( 4 ,5 ,6 ) 30°59'45" E
25°56 08" S (7)
30°57 10" E 27 . 25°53'26" S M3c+
30°59'03"  E
U 7
1 4 . 8
L o c . L a t . and Long.  U n i t Loc . L a t .  and Long .  Uni
1 4 . 2 5 ° 5 5 ' 0 2 '
3 0 ° 5 8 ' 5 8 '
" S 
" E
Mlc 47 . 2 6 ° 0 1 ' 3 2 "  S 3 0 ° 5 9 ' 3 1 "  E
K i e l
1 6 . 2 5 ° 5 2 ' 5 7 "  
3 1 ° 0 6  '12"
S
E
F i g  T ree 4 8 .
49 .
2 6 ° 0 0 ' 3 0 "  S 
3 1 ° 0 0 ' 0 5 "  E
2 6 °0 1  '35" S
H5c
Mlc
3 2 . 2 5 ° 5 4 ' 5 4 " s :M2c 3 1 ° 0 3 ' 1 8 "  E
3 0 ° 5 5  '58" E
5 0 . 2 6 ° 0 1  '32" S K i e l
3 3 . 2 5 ° 5 4 ' 2 7 " S ( a )  Mlc 3 0 ° 5 9 ' 1 4 "  E
3 0 ° 5 3 ' 2 8 " E
51 . 2 6 ° 0 1 ' 5 5 "  S K lc2
3 3 . 2 5 ° 5 4 ' 3 8 " S (b )  F i g  T r e e 3 0 ° 5 9  '11" E
3 1 ° 0 3  '13" E
52 . 2 5 ° 5 4  '14 " S M2c
3 5 . 2 5 ° 5 3 '47" S M3c+ 3 1 ° 0 2 ' 3 0 "  E
3 1 ° 0 1  '32" E
5 4 . 2 5 ° 5 7  '59" S
3 6 . 2 5 ° 5 3 '26" S M3c+ 3 0 ° 5 2 ' 3 5 "  E
3 1 ° 0 2 ' 0 4 " E
5 5 . 2 5 ° 5 7 ' 1 2 "  S H2
3 7 . 2 5 ° 5 5 ' 5 5 " S Kl 3 0 ° 5 2 ' 4 2 "  E
3 0 ° 5 9 ' 2 0 " E
5 6 . 2 5 ° 5 6 ' 5 0 "  S H2
3 9 . 2 5 ° 5 4 ' 3 3 " S Ml 3 0 ° 5 2  '51" E
3 1 ° 0 1  '31" E
5 7 . 2 5 ° 5 6 ' 4 1 "  S H3c
4 0 . 2 5 ° 5 5 ' 2 4 " S Kl 3 0 ° 5 3 ' 2 0 "  E
3 0 ° 5 3 ' 3 5 " E
58 . 2 5 ° 5 7 ' 1 9 "  S H2
4 1 . 2 5 ° 5 4 ' 1 0 " S M2c 3 0 ° 5 4 ' 4 5 "  E
3 0 ° 5 7  '10" E
59 . 2 5 ° 5 7  '46" S H5c
4 2 . 2 5 ° 5 5 ' 1 5 " S K3c (West) 3 1°01  '18" E
3 0 ° 5 6 ' 0 5 " E
60 . 2 5 ° 5 7 '59" S Kl
4 3 . 2 5 ° 5 4  '30" S M3+ 3 1°01  '39" E
3 1 ° 0 3 ' 4 5 " E
6 1 - 6 3 . H5c
4 4 . 2 5 ° 5 5 ' 5 5 "
3 0 ° 5 6 ' 2 7 "
S
E
Kl 2 5 ° 5 5 ' 2 7 "  S 
3 0 ° 5 1  '36" E
4 5 . 2 6 ° 0 1  '42"  
3 0 ° 5 9 ' 2 6 "
S
E
K lc2 6 4 . 2 5 ° 5 6 ' 0 9 "  S 
3 0 ° 5 7 '56" E
H5c
4 6 . 2 6 ° 0 1 ' 4 5 "
3 0 ° 5 9 ' 2 1 "
Klc2
E
6 5 . 2 5 ° 5 5 ' 3 6 "  S 
3 0 ° 5 1 ' 0 2 "  E
5c
APPENDIX III: MEASURED STRATIGRAPHIC SECTIONS 
Arranged by stratigraphic unit.
UNIT SECTION NUMBERS
H2 MW 55, 56
H3c MW 13, 57
H4c MW 13
H5c MW 48, 59, 62, 63, 64,
H6c MW 22
Kl MW 11, 12, 17, 37,  40,
K i e l MW 20, 47, 50
Klc2 MW 23, 51
Klc3 MW 21, 23a
K3c (EAST) m 19
K3c (WEST) MW 2 ,  «3, 15
Mlc MW 6 ,  •7, 8, 10,, 14, 39
M2c MW 26, 30 , 32, 41
M3c+ MW 27, to o 36
U 9
1 50
S E C T I O N  MW 5 5  
( H2 )
3 ______________
S d  in p i e  MW 5 5 - 3
S a n  p i e  MW 5 5 - 2  
3 d v i e  M W 5 5 - 1
1 51
SE C T IO N  MW 56
8 m -1 ( H 2 )
®  S a m p l e  MW 5 6 - 1
S a m p l e  MW 5 6 - 2
1 52
S E C T I O N  MW 5 7 ( H 3 c )
5 0  c m
10
0
S a m p l e  M W 5 7 - 4
- * ' ^  - > '
♦ « 
o
S a m p l e  M W 5 7 - 3  
S a m p l e  M W 5 7 - 2
S a m p l e  M W 5 7 - 1
S a m p l e  MW 5 7 - 5 ,  6 ( f l o a t )
153
S E C T I O N S  MW 13
( H 3 c )
1 0 m
S a m p l e  MW 1 3 - 1
S a m D i e  MW 1 3 - 2
(H4c)
3 m
j  S a m p l e  MW. 13 -  3
0
1 54
( H 4 c )
S a m p l e  MW 1 3 - 7
1 55
SECTIONS MW 59 (H5c)
( S e c t i o n s  a r e  l a t e r a l  e q u i v a l e n t s  a l c n g  s t r i k e  a  f e w  m a p a r t )
2 m -j
1 m
S a m p l e  MW 5 9  -  5  
S a m p l e  MW 5 9  -  4
MW 5 9 -  11
MW 5 9 -  10
MW 5 9 -  8 , 9
S E C T I O N  MW 6 4  ( H 5 c )
5  m
S a m p l e  MW 6 4  -  1 2  
S a m p l e  MW 6 4  -  1 1
S a m p l e  MW 6 4  -  1 0
S a m p l e MW 6 4 - 9
S a m p l e MW 6 4 - 8
S a m p l e MW 6 4 - 7
S a m p l e MW 6 4 - 6
S a m p l e MW 6 4 - 5
S a m p l e MW 6 4 - 4
S a m p l e MW 6 4 - 3
S a m p l e MW 6 4 - 2
S a m p l e MW 6 4 - 1
0
S a m p l e  MW 5 9  -  7
| _ J f l f l S a m p l e s  MW 5 9  -  1 , 2 , 3
' S a m p l e  MW 5 9  -  0
1 4S a m p l e  MW 5 9
S E C T I O N  MW 4 8  ( H 5 c )
4  m  -r
S a m p l e  MW 4 8 - 1 0  
S a m p l e  MW 4 8 - 9  
S a m p l e  MW 4 8 - 8  
S a m p l e  MW 4 8 - 7  
S a m p l e  MW 4 8 - 1 2  
S a m p l e  MW 4 8  -  5  
S a m p l e  MW 4 8 - 4  
S a m p l e  MW 4 8 - 3  
S a m p l e  MW 4 8  -  2
Sample MW 4 8 - 1
156
S E C T I O N S  MW b 2  
( H 5 c )
5  m-
© S a m p l e  M'W 6 1 - 4
A o o r o x i r r . a t e l v  8 m a l o n g  s t n x e
®  « £ £ £ • ' .  S a m p l e  M W 6 2 - 2 1
■ 7 * 7
10 m.
• 0
S a m p l e  M K 6 1 - 2
( f l o a t )
6 2 - 1 4
------------- 1----------------- 1-----------------1-----------------1-----------------1----------------- r
3  ^ (b
& *3 « 2 %■
m -  f  r m  ^ _ in Sam
p
le
s 
MW
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1 5 8
SE C T IO N  MW 6 5  ( H 5 c )
10 m
us
dP irv':' S a m p l e  MW 6 5 - 3
®  — C  S a m p l e  MW 6 5 - 2
S a  m p l e  M W 6 5  -  1
□
Several rr.etorr; L a te ra l:/,
S a  a p i e s  N 6 5  -  7 - 1 3  (".~
1 5  m
S a m p l e  MW 6 5  -  6 
S a m p l e  M w  6 5 - 5  
S a m p l e  MW 6 5 - 4
S a m p l e  MW 2 2  -  §
S a m p l e  MW 2 2  -  3
S a m p l e  MW 2 2  -  1
S a m p l e  MW 2 2  -  2
160
SECTION MW 1 2  ( K l )
5 0  m -
S a m p l e  MW 1 2  -  A
S a m p l e  MW 1 2  -  3  
S a m p l e  MW 1 2  -  1
A f  r t . lJ
r
SECTION MW 11 ( K l )
1 61
1 0 0  m -
5 0
O u t c r o p  d e t e r i o r a t e s
0  | S a m p l e  MW 1 1  -  6
S a m p l e  MW 1 1  _  5
S a m p l e  MW 1 1  -  4
S a m p l e  MW 1 1  -  3 
S a m p l e  MW 1 1  -  2
S a m p l e  MW 1 1  -  1
162
S E C T I O N  MW 6 0  ( K l )
S a m p l e  MW 6 0 - 1
163
SECTION MW
5 0  m
( K l )
S a m p l e  MW 1 7  -  2
S a m p l e  MW 1 7  -  3 
S a m p l e  MW 1 7  -  4
S a m p l e  MW 1 7 - 5  
S a m p l e  MW 1 7  -  6
1 6 4
SECTION MW 3 7  ( Kl )
100  m -
5 0  -
$>
£  Sam ple MW 37 -  7
S a m p l e  MW 3 7  -  5  -
MW 3 7  -  4  2 0 0  m .
=
s
S a m p l e  MW 3 7  -  3
1 5 0
®  S a m p l e  MW 3  7  -  2
jiM.
'  S a m p l e  MW 3 7 - 1
AAAa!
S a m p l e  MW 3 7  -  8
MW 3 7  -  6 2 5 0  m -
1 65
SECT IO N  MW 4 0  ( K l )
5 m -
5 0  -
9 S a m p l e  MW 4 0  -  4
1 5 0
S a m p l e  MW 4 0  -  3
S a m p l e '  MW 4 0  -  5
100
C o n g l o m e r a t e ,  t h e n  i n t r u s i o n ,  s e p a r a t e  t h i s  s e c t i o n  f r o m  
e v a p o r i t e  s e c t i o n  b e l o w
A \
®  A A j|  s a m p l e  MW 4 0  -  2
ftft 
ft ft 
Aft
S a m p l e  MW 4 0  -  1
0
SECTION MW 4 4 ( K l )
1 00  m -
-© S a m p l e  MW 4 4
5 0
S a m p l e  MW 4 4
S a m p l e  MW 4 4  
S a m p l e  MW 4 4
TUT
167
S E C T I O N  MW 4 7  ( K i e l )
S a m p l e  MW 4 7  -  2
S a m p l e  MW 4 7 - 1
1 68
SECTION MW 20 (Kiel)
10 m , J
■ _  a m  S a m p l e  MW 2 0  -  1T l
£  S a m p l e  MW 2 0  -  2
S a m p l e  MW 2 0  -  4
----- f i i
B
S a m p l e  MW 2 0 - 3
S E C T I O N  MW 5 0  ( K i e l )
S a m p l e  MW 5 0
5  -
I
S a m p l e  MW 5 0
S a m p l e  MW 5  0  
S a m p l e  MW 5  0
S a m p l e  MW 5 0  
S a m p l e  MW 5 0  
S a m p l e  MW 5 0
1 70
S E C T I O N  MW 5 1  ( K l c 2 j
10 m -
2 0  m  -
I I
S S
ESQ
—  S a m p l e  MW 5 1  -  3
W B A  S a m p l e  MW 5 1  -  2
** I 
-
&
S a m p l e  MW 5 1  -  1
S a m p l e  MW 5 1  -  6
S a m p l e  MW 5 1  -  4
S a m p l e  MW 5 1  -  5
1 71
S E C T I O N  MW 2 3  ( K l r 2 )
10 m
5 S
i
X < < «
S a m p l e  MW 2 3 - 1 1
® jr r r r
- | 0
I
S a m p l e  MW 2  3 -  1 0  
S a m p l e  MW 2  3  -  9  2 0  m
S a m p l e  MW 2 3  -  8 
S a m p l e s  MW 4 5  -  1 - 1 6  
i n  0 . 5 m  i n t e r v a l  
S a m p l e  MW 2 3  -  6 
S a m p l e  MW 2  3  -  1 2
MW 2 3 - 5
1 5  -
S a m p l e  MW 2  3  -  1 6
i m
g  h J  S a m p l e  MW 2  3  -  1 5
T7r.{
9 S a m p l e  MW 2 3  -  1 4
® ■2CCn; I
S a m p l e  MW 2 3 - 4
S a m p l e  MW 2 3  -  1
X£S3
S B
X a .yj
j
1 - . hXJj-x m
-JP i1MW 2 3 -  13  2 5 m - x mfjx.
i s m
a < ; 
v '  * « |  
£  xjunj 
3  x.<m!
T T 7
3 Z Z
1 72
SECTION MW 21 (Klc3)
1 0  n  ■
5  -
®  S a m p l e  MW 2 1  -  2
U p s e c t i o n ?  R e l a t i o n s h i p  o f  t h e s e  t w o  s e c t i o n s  i s  n o t  c l e a r
@  S a m p l e  MW 2 1  -  3
5  m
S a m p l e  MW 2 1  -  1
S a m p l e  MW 2 1  -  4
0
SE
C
T
IO
N
 
MW
 
23
a 
(K
)c
3
)
cn£>
111111111111K111111EIII  I I I  11
IIIIIIIIVIBIIIIIIIIIBIII1 III
I ' ■ -  I 1 T  1 — '  r -  t - |  |   1 1  
1 74
j  S a m p l e  MW 2  3 a  -  1
1 75
S E C T I O N  MW 2 ( K 3 c )
1 0 m
5  -
S a m p l e  MW 2  -  4
S a m p l e  MW 2  -  5
<S> 2= S a m p l e  MW 2 -  6
S a m p l e  MW 2 -  8
15 m '— M B
Jil S a m p l e  MW 2  -  1
S a m p l e  MW 2 -  2
0
1 76
S E C T I O N  MW 9 ( K 3 c )
S a m p l e  MW 9  - 6
S a m p l e  MW 9  -  5  
S a m p l e  MW 9 -  7
5  m -
S a m p l e s . M W  9  -  2 , 3 , 4
1
S a m p l e  MW 9 - 1
S E C T I O N  MW 1 5  ( K 3 c )
®  ^ ■ ■ S a m p l e  MW 1 5
5m -
a
S a m p l e  MW 1 5
a
S a m p l e  MW 1 5
S a m p l e  MW 1
1 78
S E C T I O N  MW 1 9  ( K 3 c )
S a m p l e  MW 1 9 - 3
S a m p l e  MW 1 9  -  7
S a m p l e  MW 1 9
S M I
S Mg > » S a m p l e  MW 1 9  -  5 , 6
179
S E C T I O N  MW 6 ( M l )
B a n d e d  f e r r r u g i n o u s  r o c k  u p  t o  4 5  m
S a m p l e  MW 6  -  7
S a m p l e  MW 6  -  6 
S a m p l e  MW 6  -  5
S a m p l e  MW 6  -  2
2 0  m-
S a m p l e  MW 6  -  9
' “
S a m p l e  MW 6 -  3
180
S E C T I O N  MW 7 ( M l )
10m
S a m p l e  MW 7  -  2 1
S a m p l e  MW 7  -  2 2
20 m
®  ' ' j  S  ] S a m p l e  MW 7  -  2 3
/} /
S a m p l e  MW 7  -  2 4
1 5
S a m p l e  MW 7  -  2 5  
S a m p l e  MW 7  -  2 6 a
S a m p l e  MW 7  -  2 6  
S a m p l e  MW 7  -  2 7
e>
S a m p l e  MW 7 - 1 2
S a m p l e  MW 7  -  1 3
S a m p l e  MW 7  -  1 5
S a m p l e  MW 7  -  1 9
S a m p l e  MW 7  -  1 6
S a m p l e  MW 7  -  1 7
S a m p l e  MW 7  -  1 8
1 81
3 5  m
S a m p l e  MW 7 -  3
S a m p l e MW 7 - 4
S a m p l e  MW 7 - 6
S a m p l e MW 7 - 7
S a m p l e MW 7 - 8
S a m p l e MW 7 - 9
3 0
S a m p l e  MW 7  -  1 0
C o v e r e d :  F a u l t ?
2 5 3 7  m ■
®  ^  j S a m p l e  MW 7  -  1
g i  f l F  S a m p l e  MW 7  -  2
95
S E C T I O N  MW 8  ( M l )  
E q u i v a l e n t  f a u l t e d  s e c t i o n s
3  m
S a m p l e  MW 8 - 5
S a m p l e  MW 8  -  4
S a m p l e  MW 8 -  3
4  m 1
S a m p l e  MW 8  -  2  
S a m p l e  MW 8  -  1
5  m
9  * ^ 0 *  S a m p l e  MW 8  -  9
—  I
«
S a m p l e  MW 8  -  1 0
S a m p l e  MW 8  -  7  
S a m p l e  MW 8  -  6  
S a m p l e  MW 8 - 8
183
S E C T I O N  MW 1 0  ( M l )
1 0  m -
S a m p l e  MW 1 0  -  3
S a m p l e  MW 1 0  -  4
|
I S a m p l e  MW 1 0 - 2
- 1 S a m p l e  MW 1 0  -  1
0
S E C T I O N  MW 1 4
1 8 4
10 m -
f - l
\\x:
0(1 Vf 0t
v.-
\>\
Sc
cl.1
tcK
Coy
2 0  m -
15
0 0- 
0 . ' °
. \
35 m -
30
2 5
Sa m p l e  MW 14 -  1
S a m p l e  MW 1 4  -  2
185
S E C T I O N  MW 3 9
m
S a m p l e  MW 3  9
5
0  ®  - a * .» S a m p l e  MW 3  9
2 4  m
20
S a m p l e  MW 3 9  -  2
S a m p l e  MW 3 9  -  1
1 5 S C t H M  S a m p l e s  MW 3 9  -  4 , 5 , 6  
S CM S a m p l e  MW 3 9  ~  3
S a m p l e  MW 3 9  -  7
1 8 6
S E C T I O N  MW 2 6
! S a m p l e  MW 2 6  -  3
^
187
S E C T I O N  MW JO
S a m p l e  MW 3 0  -  2
S a m p l e  
MW 3 0  -  5
S a m p l e  MW 3  0  -  1
1 88
3 5  m .
3 0  -
g  S a m p l e  MW 3 2  -  3
S a m p l e  MW 3 2  -  2
2 5
L5
4 5  m 2 v 3
a  \ * < j \  S a m p l e  MW 3 2  -  4
4 0
ia
85
189
S E C T I O N  MW 3 2
10 m .
2 0  m -
S a m p l e  MW 3 2  -  1
1 5
8126
1 90
S E C T I O N  MW 4 1
9 0  m
S a m p l e  MW 4 1  -  2  
S a m p l e  MW 4 1  -  1
5 0
8 ^ ^  S a m p l e  MW 4 1  -  3 ■ I S a m p l e  MW 4 1  -  4
S a m p l e  MW 4 1  -  5
191
S E C T I O N  MW 3 5
10 m -J
1 .
!
I
5  -
0 - 
8 4
S a m p l e  MW 3 5 - 3  
S a m p l e  MW 3 5  -  2
g S f S T jj  S a m p l e  MW 3 5  -  1
1 3  m 1 a
1 92
S E C T I O N  MW 3 6
10 m
9  S a m p l e  MW 3 6  -  1
S a m p l e  MW 3 6  -  4  
S a m p l e  MW 3 6 - 3-_f l L
S a m p l e  MW 3 6 - 2
0
193
S E C T I O N  MW 2 7
S a m p l e  MW 2 7  -  4
S a m p l e  MW 2 7  -  1
APPENDIX IV: SUMMARY OF PETROGRAPHIC OBSERVATIONS
Arranged by s t r a t ig r a p h ic  u n it .
1 9 4 -
SUMMARY TABLE OF PETROGRAPHIC CHARACTERISTICS OF THE CARBONACEOUS CHERTS
Sample no. Unit Type Packing Lams Comps Simple Wisps Cloudy Tect Lithics
MW24-1 Th L 0 0 0 0 0 0 100
MW24-2 Th 0 0 0 0 0 0 1 00
SAF39-13 H1 MorL 40 0 0 50 50
SAF41-2 H1 L 40 0 0 60 0 0 40
SAF43-15 H1 L 1 0 0 0 80 20 0 0 0
SAF25-6 H1 L 0 0 75 5 20
MW55-2b H2 B 35 20 20 60 0 0 0 0
MW55-3 H2 M 40 0 60 40 0 0
SAF54-2 H2 L 60 0 0 65 15 0 20
SAF52-1 H2 ss 0 0 35 3 0 0 60
SAF52-5-2 H2 B 1 0 80 10 0 0 0
SAF52-10 H2 0 0 70 10 0 0 20
SAF52-14a H2 B 25 25 0 0 0 0 50
SAF52-14b H2 B 50 50
MW57-1 H3c M 30 0 60 40 0 0 0
MW13-1 H3c M 1 0 0 0 100 0 0 0 0
MW13-2 H3c L 80 0 0 70 0 0 0 30
MW13-3 H4c B 25 60 40 0 0 0 0
MW1 3-4 H4c L 25 5 5 70 0 0 0 20
MW13-6 H4c L 60 0 0 50 50
MW48-1 H5c M 35 0 50 25 0 15 0 1 0
MW48-2 H5c M 40 0 60 40 0 0 0 0
MW48-3 H5c M 30 0 40 10 0 50 0 0
MW48-4 H5c B 30 25 50 15 0 10 0
MW48-5 H5c B NA 0 0 0 100 0 0
MW48-12 H5c B 20 50 20 30 0 0 0 0
MW48-8 H5c L 35 0 10 30 10 1 0 0 40
MW59-8 H5c L 0 5 0 0 95 0 0
MW64-1 HSc L 35 0 90 10 0 0 0 0
MW64-7 H5c M 50 0 25 50 0 25 0 0
MW64-13-a H5c B 40 0 40 0 0 60 0 0
MW64-13-b H5c B 40 0 0 0 0 80 0 20
MW64-13-C H5c B 60 20 20 0 0 0 0
MW62-1a H5c B 35 0 15 85 0 0 0 0
MW63-2b H5c B 50 40 40 20 0 0 0 0
MW22-1 H6c L 75 0 0 5 25 10 0 60
MW22-2 H6c Lss 65 0 0 5 10 5 0 60
MW22-3 H6c L 75 0 1 5 20 1 0 0 60
MW22-5 H6c M 75 0 35 45 0 0 0 20
MW11-2 K1 M 60 0 45 40 0 10 0 5
MW11-4a K1 B 40 45 25 20 0 5 0 5
MW11-5 K1 B 70 35 25 10 0 10 0 1 0
MW11-6 K1 B 60 20 55 10 0 5 0 10
MW12-1a K1 B 60 20 25 20 0 5 0 30
MW12-1 b K1 B 50 0 25 25 0 10 0 40
MW12-2a K1 B 20 30 30 20 0 5 0 15
MW12-2b K1 B 60 45 20 25 0 0 0 1 0
MW12-3 K1 B 60 70 1 0 1 0 0 10 0 0
SUMMARY TABLE OF PETROGRAPHIC CHARACTERISTICS OF THE CARBONACEOUS CHERTS
Sample no. Unit Type Packing Lams Comps Simple Wisps Cloudy Tect Llthics
MW60-1a K1 B 30 0 0 100 0 0 0 0
MW60-1b K1 B 20 0 100 0 0 0 0 0
MW60-2a-1 K1 B 20 0 60 40 0 0 0 0
MW60-2a-2 K1 B 35 5 30 45 20 0 0 0
MW60-2b K1 B 40 20 20 40 1 0 5 0 5
MW60-2C K1 B 1 0 47 30 20 3 0 0 0
MW44-1a K1 B 35 5 20 75 0 0 0 0
MW44-1b K1 B 30 0 20 60 0 0 0 20
MW44-4a K1 B 50 5 10 50 0 1 5 0 20
MW44-4b K1 B 20 5 15 50 0 0 0 30
MW37-1 K1 M 30 0 0 60 0 40 0 0
MW37-3 K1 B 35 20 20 45 5 1 0 0 0
MW 37-4 K1 B 25 100 0 0 0 0 0 0
MW37-5 K1 M 90 1 0 25 15 5 5 0 40
MW37-6 K1 B 35 0 20 80 0 0 0 0
MW37-8 K1 B 30 5 15 15 0 30 0 35
MW37-7b K1 B 70 10 70 15 5 0 0 0
MW37-7a K1 B 80 25 40 25 5 5 0 0
SAF23-81a-1 Kiel M 90 0 0 5 10 5 0 80
SAF23-81a-2 K1c1 M 80 0 15 15 0 10 0 60
SAF23-77 Kiel M 25 0 90 10 0 0 0 0
MW20-3 K1c1 M 30 0 30 40 0 5 0 25
MW20-2 K1c1 L 65 1 0 29 10 15 0 45
MW20-1 K1c1 B 20 55 0 40 0 5 0
MW50-7 K1c1 B 60 80 15 5 0 0 0 0
MW50-6 K1c1 B 50 0 20 10 0 0 0 70
MW50-5 K1c1 B 40 40 55 5 0 0 0 0
MW50-3a K1c1 B 50 20 30 20 0 5 0 25
MW50-3b K1c1 B 45 40 55 5 0 0 0 0
MW50-2a K1c1 B 60 20 1 9 0 30 0 40
MW50-2b Kiel B 50 20 5 30 0 5 0 40
SAF23-140- 3K1c2 M 50 10 80 10 0 0 0 0
SAF23-13 K1c2 M 80 5 40 5 0 0 0 50
SAF23-57 K1c2 B 50 80 5 5 0 5 0 5
SAF23-198 K1c2 B 30 60 20 10 0 0 0 0
SAF23-206 K1c2 L 0 0 0 100 0 0 0
MW23-4 K1c2 B 60 35 1 0 55 0 0 0 0
MW23-5 K1c2 B 20 0 70 5 0 0 0 25
MW23-12 K1c2 B 35 80 20 0 0 0 0 0
MW23-8 K1c2 B 30 0 20 50 0 0 0 30
MW23-11 K1c2 B 60 0 30 35 0 5 0 30
MW45-3b K1c2 B 30 90 0 10 0 0 0 0
MW45-7 K1c2 B 5 0 85 5 5 5 0 0 0
MW21-1a K1c3 B? 25 0 0 60 0 20 20 0
MW21-1C K1c3 B? 20 50 0 0 0 0 50 0
MW21-2 K1c3 M 40 0 0 50 0 50 0 0
MW21-3a K1c3 B 25 60 0 10 0 30 0 0
MW21 -3b K1c3 B 50 20 15 40 0 20 0 5
SUMMARY TABLE OF PETROGRAPHIC CHARACTERISTICS OF THE CARBONACEOUS CHERTS
Sample no. Unit Type Packing Lams Comps Simple Wisps Cloudy Teel Lithics
MW21-4 K1c3 M 55 0 0 65 0 25 0 1 0
MW23a-2 K1c3 B 80 5 5 25 0 5 0 60
MW15-4 K3cW M 80 0 0 45 0 30 0 25
MW15-1a K3cW B 25 5 40 15 0 10 0 30
MW15-1b K3cW B 20 60 15 5 0 0 0 20
MW9-1a K3oW ss 60 0 0 1 0 0 1 0 0 80
MW9-4 K3cW M 90 0 0 20 1 0 30 0 40
MW9-7 K3cW B 60 30 0 0 0 70 0 0
MW9-5 K3cW B 40 0 5 15 0 5 0 80
MW9-6 K3cW B 50 0 5 25 0 20 0 50
MW2-8 K3cW B 50 5 10 0 35 0 0
MW2-1 K3cW M 0 0 70 0 30 0 0
SAF23-153 K3cE L 40 0 0 0 100 0 0
SAF23-156 K3cE M 100 0 0 0 60 0 0 40
SAF23-21B K3cE L 90 0 0 0 100 0 0 0
SAF23-219 K3cE L 100 0 0 0 50 0 0 50
MW1 9-2 K3cE L 100 0 0 0 70 0 0 30
MW19-3 K3cE M 60 0 0 80 0 0 0 20
MW19-5 K3cE L 100 0 0 60 40 0 0 0
MW19-6 K3cE L 80 0 0 60 20 0 0 20
MW19-7 K3cE L 80 5 0 85 0 0 0 1 0
MW8-1 M1c L 80 0 0 40 0 40 0 20
MW8-3 M1c M 20 0 0 30 0 60 0 10
MW8-4b M1c L 90 0 0 20 25 50 0 15
MW8-5 M1c L 95 0 0 10 40 20 0 30
MW8-7 M1c L 95 0 0 30 40 20 0 10
MW10-3 M1c B 30 5 0 90 0 0 0 5
MW10-4 M1c B 50 0 0 50 0 35 0 15
MW14-1 M1c M 80 0 0 60 10 20 0 1 0
MW14-2 M1c L 80 0 0 60 0 10 0 30
MW1-1 M2c M 40 0 0 25 50
MW1-2 M2c M 70 0 0 100
MW6-2 M2c B 35 65 10 20 5
MW6-3 M2c L 4 5 0 0 0 70 20 0 10
MW6-5 M2c M 60 0 0 30 0 40 0 30
MW6-7 M2c M 90 0 0 0 25 5 0 70
MW6-9 M2c L 95 0 0 0 30 30 0 30
MW7-3 M2c M 30 0 0 30 0 50 0 20
MW7-10 M2c B 30 10 35 15 0 0 0 40
MW7-I2 M2c M 50 0 0 40 35 10 0 15
MW7-13 M2c M 60 0 0 40 35 20 0 5
MW7-15 M2c M 30 0 0 60 30 10 0 0
MW7-18 M2c M 85 0 0 0 15 15 0 20
MW7-21 M2c M 80 0 0 20 70 5 0 5
MW26-1 M2c M 50 0 0 60 0 15 - 25
MW32-1a M2c L 75 25 0 25 0 50
MW32-1 b M2c L 50 0 0 20 40 10 30
MW32-2 M2c B 70 0 0 25 0 25 50
SUMMARY TABLE OF PETROGRAPHIC CHARACTERISTICS OF THE CARBONACEOUS CHERTS
Sample no. Unit Type Packing
MW30-2 M2c L 85
MW30-4 M2c B 40
MW41-2 M2c B 0
MW41-5 M2c M 70
MW27-1 M3 + L 80
MW27-3 M3 + M 60
MW29-3 M3 + M 70
MW29-4 M3+ M 30
MW29-6 M3 + L 70
MW31-1 M3 + L 80
MW25-1 M L 95
MW25-4b M B 40
MW25-6 M M 45
MW25-7 M M 15
MW25-9 M L 50
MW25-10 M L 90
MW25-12 M M 80
MW25-13 M L 75
MW25-16 M L 95
MW43-1 M M 50
MW16-1 FT M 25
MW16-6a FT M 90
MW16-11 FT L 75
MW5-1 FT B 60
MW5-2 FT B 1 0
Comps Simple Wisps Cloudy Ted Lithics
0 0 90 0 - 1 0
0 50 0 0 0 10
10 30 6 10 0 30
0 0 0 1 0 - 90
0 0 100 0
0 70 0
0 20 30 20
0 20 30 50
0 20 30 20
0 30 20 25
0 0 85 10 0 5
5 35 0 5 0 30
0 45 0 0 0 55
0 70 0 30 0 0
0 0 0 0 0 0
0 0 80 20 0 0
0 0 0 0 100 0
0 20 0 10 0 20
0 0 90 0 0 1 0
0 70 0 0 0 30
0 30 0 0 0 70
0 20 0 0 80
0 30 20 40 1 0
5 5 0 0 0 0
5 5 0 0 0 0
Lams
0
40
20
0
0
0
0
0
0
0
0
25
0
0
100
0
0
60
0
0
0
0
0
90
90
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